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COMBINING ‘GEODETIC. SURVEY METHODS 


By Cart M. BERRY, Assoc. M. Am. Soc. Soc. C. E. 


g The purpose of this paper is t to present the field : and office technique de- 


veloped on a large Teservoir boundary survey, in which the economic con-— 


sideration of the integral parts of such a survey has resulted i in a more feasible 
“and less costly treatment of land acquisition survey practise. 


The Grand Coulee Dam is situated on the Columbia River i in northeastern: 
W ashington, 153 miles down stream from the point where the river enters the 
— State. Four tributary 1 rivers of importance—the S: San Poil, Spokane, ‘Colville, 
and Kettle rivers—flow into the Columbia River at distances of 19, 47, 107 4 
and 114 miles, respectively, up stream from the dam site. Numerous other 
streams of minor importance are tributary to the Columbia throughout the 
backwater. area, ‘some entering in n narrow, precipitous canyons, and others 
across comparatively wide distributary delta plains. In all, a shore line of 
about 500 miles will be created by the lake behind this structure, the largest. 
_man- -made structure in the history of the world. ‘The deep ( Columbia Valley is | 
_ characterized 1 throughout as consisting of softly molded rolling hills and valleys, 
lends itself most favorably to. the development. of a netw work of 


sea a level, pars to stent define ey boundary lines of the area by executing | a 
traverse of unbroken continuity | lying along, or just. above , the 1 310 contour; 


i 


‘ such accuracy as to hold the closing errors of the traverse within the prescribed ; 
limits; (c) to recover or ‘properly re-establish the the original survey corners and 
other ‘cadastral points established by the General Land Office and reference 


Norse.—Written comments are invited for immediate publication; to insure publication the last 


dull 


iscussion should be submitted by January 15, 1940. 
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_ them to the rectangular co-ordinate system; @) to furnish the Legal Div ision 
of the United States Bureau of Reclamation with analyses of chains of title, 
in the cases of parcels having obscure or inaccurate descriptions : in previous 7] 
conveyances, , and finally to furnish the Legal Division wit ith properly closed. 
descriptions of all parcels of real property involved; and (e) to monument the 


network of control triangulation permanently and connect this network to ha 


a adjacent existing  first- order triangulation of the U. S. Coast and Geodetic 
 S§Survey, . thus referencing the entire system of co- -ordinates to the Federal net- 
work on the 1927 North American Datum. erry pire 
— of making ¢ control ‘surveys, within themselves, are not new to the 
profession ; nor are the many accoutrements of retracement and flow-line su sur- 
a vey ys. The combination of the two into a single, simultaneous operation en- 
compassing the use of instruments ranging from the simple hand compass to iy 
12-in. direction theodolite, and of distance determination from the woodsman’ s 


pacing to invar taping, inteodnets 4 a new procedure, and is distinctly a a problem 


in surveyingeconomics. = | 


7 Early in the work, it was decided that all project co-ordination should be 
placed the horizontal and vertical data commonly accepted by the -twenty- 
three members of the Federal Board of Surveys and Maps, of which ¢ organiza- 
tion the U. 8. Bureau of Reclamation is a member. ’ Thus all surveys would be 
_ referenced permanently to the National network and would provide not only 
3 a lasting usefulness of all Bureau surveys to Federal, State, and local agencies, 
Bon likewise would bi be of advantage to the Bureau in any future work performed 
by other agencies in this locality. Consequently, all horizontal control was to 
be referenced to the 1927 North American Datum, , which has as its basis the 
oe ‘Clarke Spheroid of 1866. Vertical control | was to be referenced to th the 1 1929 
level net adjustment of the North American continent. 
requirement was established | that all work be ‘ “check-] -position’’; that is, | 
that all position computations in the field would be made by at least two inde- 7 
pendent mathematical solutions, and that by a comparison of the two routes — 
of computation a ratio check of the actual field error would result. . This ratio 
- check was set by s specifications to be not more than an one part i in 7 000 for r all 
ja co- -ordination. — Both the horizontal and vertical geodetic control were 
to! be established by triangulation and precise leveling methods, adhering to the 
suai and to office and field procedure of the U.S. | Cont and Geodetic 


4 


Alpha at 47° 58’ 00844 ‘and Longitude 118° 58’ 29827 as the origin 
a rectangular co- ordinate. system f for the Columbia Basin Project. 
geographic position was determined by first-order and second-order triangula- 
tion and adjusted by the direction method adjacent Umatilla- 49th 
Parallel arc of the U.S. Coast and Geodetic Survey. Rectangular co-ordinates, — 


_—‘Taised to the datum plane 1 310 ft above sea level, were then computed.? | This “ 


_ # Computed from formulas in Special Publication No. 71, U. 8S. Coast and Geodetic Survey. 
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grid was designated the Grand Coulee Grid Datum (GCGD), and its use was — 


extended toa point approximately | 30 miles e east, and. at nearly the same lati- 
tude, as Station Alpha. The practise was, after adjustment, to convert the 
geographic positions of the main-scheme -second- order stations to grid 


ordinates; then from grid distances and bearings derived from: these co-ordinates. 


to compute grid co-ordinates of all intersection and r ‘resection: order 


stations within the figures. The scale error, with the departure: 


Grid Datum was te s to continue, it would be necessary to compute all third- -order 
“points first on true geodetic datum and then convert. individually to the rec- 
tangular grid. - The reason for this proposed ¢ conversion was to smooth 1 out, 
proportionately, all grid discrepancies because, with departure from the 
origin, the grid scale was too long) with respect to an east and west direction, 
too short in a north and 1 south th direction, and lines perpendicular ron the spheroid : 
were several seconds | askew from ‘normal on the grid. Thus, although the 
accuracy of the plane co- ordinates was well within one part in 25 000, or first- 


order, at the mouth of the Spokane River, the discrepancy would approximate ; 
one part in 3 500 at the point where the Columbia River enters the State. _ 
Toward the close of 1935 t the Lambert C Conformal projection tables—one 
“covering the north half, and another the south half of the State—were pub- 

ished fo for the State of Washington. The wide-spread adoption of similar 
"systems: by other States, particularly those in the East, quickly led to the 
- decision to place all future Bureau co- -ordination ov over the reservoir site on the - 


RerRACEMENT 
Early i in 1934 two retracement parties w ere organized; began at. the 


dams site and proceeded up stream in search of the General Land Office corners, 
some of which had been established by contract, surveyors more than fifty 
years before. . Each party, comprising seven men, was assigned one bank of the ~ 
-Tiver, and pursued its search by the stadia-transit traverse method. W here 
“corners or their accessories were lost a random hub was set, and the party 
_ Subsequently returned to re-establish the corner by the proportionate mea 
- ae The following year (1935) a part of the retracement w vork was assigned to the 
triangulation party, atid the time-honored ‘‘timber-cruiser”’ method was in- 
augurated on the project. Two seasoned woodsmen , well trained and ex- 
- -perienced in 1 finding obscure bearing trees and bits of ev idence, were employ ed. 
The Wwoodsmen, starting from a a known corner, and armed only v Ww with photo- 
static ‘copies ¢ of the General Land Office original field notes, a foresters’ staff a 
compass or a hand compass, paced off the required distance in a cardinal 


direction, and recovered or marked for re- establishment the corner sought for. 


ae. Uipen arrival at the scene of a corner the retracement engineer first made 
the | usual ¢ diligent search for evidence of the corner monument or the corner — 


accessories, as described in the « original field notes. — If found, or restored either mt 
from the accessories or — reliable ga (word of eager obtained 
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- Retracement Recotd form (see Fig. 1) and the corner designated as as a a Type a 

recovery. _ Often a diligent search of old records in Court houses or abstract 

offices would reward the efforts of the. engineer by disclosing a a reliable tie from 7 
some near-by identifiable object to tk the now lost corner. Ina few cases Court 


adjudications locating the positions of disputed form the is 


Failure to recover a — A, or original corner, would lead to ) interviewing 
7 the adjoining landowners for support of established fence corners. — dif they: were 
‘found to have been established beyond the statutory length of time required for 


_ the enjoyment of peaceful occupation by the abutting owners, these points were 


‘designated as Type “B” ‘corners, or legal « corners of occupancy. cy. Here 


method by proportionate measurement, of Type 


resorted to, and the 2 methods prescribed by the General Land Office eres 


Accompanying each re engineer was a who, in addition 

wi lending assistance in the recovery of the cadastral points, would determine — 
oe which of three general methods was most applicable for use in co-ordinating the 

point. 4 he man . performing this detail of the work was an important adjunct 

to the organization ; his ability and developed judgment reflected a marked — 
influence on the final cost of the newly developed procedure. ae oe wir 

Points were co-ordinated either as: (a) Full intersection ‘stations, (6) as 
resection stations, by the Pothenot 1 method,’ or (c) as traverse stations. 


‘The first method was subject toa number of variations in procedure. , Ba. 
point was visible from three triangulation stations a otherwise possessed | the 
condition of location essential to a strong “fix,” it was” “signaled” by placing | a 
4i in. by 4 in. signal pole | directly over the corner-stone itself and the method of — 
-ordination in this “ease designated ‘ ‘Intersection station, central. 

More o often, , however, a 4 in. by 4 in. witness post, set from 6 in. to 20 ft away 
_ from the point, was used as the signal; the distance was measured carefully and 
the eccentric azimuth was read from a staff compass. m method was desig- 
nated “Intersection station, point near.’ This latter method, although intro- 


e ducing one a additional step in the computation work, obviated the necessity of 
plumbing and guying a signal pole « over the stone ‘monument, which is objec- 


-tionable chiefly because livestock would often push over such a signal. — On the 


other hand, a4 + ft post, set 18 in. in the ground, was secure from this « danger. | 
Where signal posts were set beyond the 20-ft limit from the c corners, the designa-_ 
tion n “Intersection | station, transit « eccentric’ was used, and the dist distance and 
direction were obtained by the signalman with a metric-foot tape and a light 7 
weight transit. — Often the densities of Indian allotment and cemetery corners, 
traverse control points, and adjacent section corners, would permit observation 


3“‘Criteri e procedimenti per la formazione della mappe catastali con la fotogrammetria a 
Michele — R. latituto Superiore di Ingegneria, Milano, 1935, pp. 16 and 18. ideals 
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ARTMENT OF THE INTERIOR —_ Af CADAST RAL 


Pe. 


orteined \L.0. field notes of /88/ | Evidence found Dec. 13 + 1952 


“Original G.L.0. found ___ or ‘Feetored __ 


Original corner stone 
Original corner post | 

Reset from. BT's 

Reset from W's ~ and merked with 


‘parol evidence of M — M. 
“address: 


of f occupancy Description: interse tion of £ rds 


Date established, approximately, , 1889 


Attest of ad je ent. concurring owners: 


n sec. 


4 


> 


sec. 34-33 
sec. 
Legal (s) constructed: “about yeas 
7 Set an 8°x/10°x/2" basalt stone south — 
YS. on north face weet 
north 


‘by single proportionate double proportionate method. 


Re$recenent Engineer 
Pell 


1. -—Capasrrat ReTRACEMENT Recorp” Form 


we. 


4 
‘ 
Engrs. field notes, Road No 90,1889, 
and attested by adjacent owners, 
— 
— 
— 
_ 
j 
wails 
— = 9 


upon eight to ten “ eccentrics” from a setup on 


Necessity for the second method, that of the resection, or Suis oan 7 
arose chiefly from three situations: (a) That i in which the second- order ober. 


ing party failed to each of the prescribed ‘ Tight an toa either 


from some advantageous point 1 near ‘the: corner would enable 
to select and make use of other non-occupied stations, as spires, cupolas, water- iy 
etc., fora a “fix” ; OF () that 1 in whioh subsequent to second- order 


near’ "and the to be upon, to the judgment a of the three 
‘point observer. w. Only a flag or banner was left at the | corner to assist the ob- 


_ serving party in finding the corner. 


‘The third, or traverse - method, was s necessitated where dense stands of 
= prohibited the use of triangulation methods. ard 


A fourth traverse was railw: ay road-bed 
in the Hawk Creek Canyon, and since a “fix” ” was impossible at the upper end, 
the > traverse was double- to meet t the check position. 


either “a metric-foot taping, or r by making them intermediate angle points in 
transit and steel tape loop traverses of third-order accuracy originating and 


ending at points along the traverses. 


quadrilateral from the Grand Coulee east and ‘north | 
over the reservoir area to the International Boundary, and south from the dam 
site over the irrigation balancing reservoir area in the Grand Coulee to Coulee — 
City, W ‘ash. » tying i in to existing stations of the U. S. Coast and Geodetic Survey — 

at each’ end, and to stations of the Geodetic Survey of Canada north of the . 
Boundary. The network thus established extended to the high mountain 
peaks adjacent to the reservoir areas and established solitary control stations | 
of first-order accuracy at about 25-mile intervals slightly above the reservoir 
flow lines. At the same time s similar control stations were fixed in position 
at the heads of tributary rese reservoirs in the San Poil, Spokane, and Kettle rive 


Besides the two 50-m invar tapes and stretching —— for onarand 


q 
a 
4 


; ———— -time observations of double zenith distances were made up upon on distant 
helioscope signal lights, using the vertical- circle instrument. Angles were 
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read on each of f four verniers, direct to 10”. These latter observations 


4q the basis of the trigonometric leveling g performed over the project. Tas — 
In the Summer of 1934 a camp was established on the Columbia River 60. 
miles down ‘stream from the International Border. Eight men were given : a = 
; rigid course of training in the many duties and responsibilities of lightkeepers. 
Next , their adaptability for this rigorous and exacting work of back- -packing, 


an ‘camping, a and flashing code messages s with helioscopes and electric signal lights, s 


was tested by sending them out alone for two or three nights of work on a — 
‘mountain peak. © _ Those men found to be qualified were given regular assign- 
ments on reconnaissance work to locate all the stations of the first-order net. 
The actual observing work was next undertaken; 42 first-order Stations were 
occupied, and the geographic positions of a total of 97 points s determined. _ 
Among these were a number of fire-control towers, and their positions and azi- 
muths between towers later were e made available to the Uv. ‘S. Forest ‘Service, 


the U.S. Indian Field Service, and the State of W ashington Division of Fores- 


‘try. A number of aviation beacons were likewise “ ‘cut in, ” and their positions 


— 


‘supplied to the U. 8. Bureau of Commeree. Mapping operations « of the 


_of 1935-1936, a positions of a 2 number of their topographic control flags were 
supplied that Bureau. Still later, a part of the first-order net was: used in 
flights of taken by tk the Soil Conservation Servi vice. 


Second-Order.—Between the stations established by first-order week 
along the reservoir s site, | a na network, made up of ae —— 


4 second-order a accuracy, y, and , after making least-squares adjustment be- 


the control stations, the latitudes and longitudes of the triangulation 
stations were converted to rectangular grid ordinates t to simplify their use 
in conveying tracts. ; Spacing of first-order control stations along the flow lines 
_ permitted breaking up the second-order work into seven nets along the Colum- 
= River. Three additional nets extended into the e valleys c of the San Poil, 
‘Spokane, and Kettle rivers. Division of the nets in this manner offered the 
advantage of having available, for the -Right- of-way Division of tk the Bureau of 
Reclamation, the final “‘closed”’ ” plats and descriptions of any tract, within a 


few weeks second- order and third-ord order work in that. net had been 


_ Measurements of angles between main stations, directions to cadastral sig- - 
nals and flow-line control points, and double- zenith- distance ‘measurements for 
trigonometric lev eling, were all observed ‘simultaneously from the second- order 
- stations; 7- -in. theodolites reading to 10’’, with single, opposite -verniers, were . 
used. Although this theodolite was of the “repeating” type, all pointings were 
= by the “direction” method, the high quality of the circle graduations 
permitting tl this variation. a On the main network, 12 positions of the circle were 
read, , with a residual of 5 sec from the mean specified as a maximum, whereas 
‘three positions were used in pointing the cadastral signals, and the same — 


residual pon ti se of the direction method often permitted a station to 
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be completed i in much less time than it could have been by the method of | 
repetition, _ because of poor | light or fog obscuring | some ¢ of the signals during a 
“part of the observing period. Likewise, the direction method obviated the 
7 necessity of making the con nsequent local adjustment of sum angles in the lists. 
of direction, 
‘The parties occupied | 342 second-order stations and determined the geo- 
graphic positions of 2.020 points. An example | of the notes for seven of th these z 
stations is presented in Fig. 3. . Second- order control for the project extended | 


_ ‘Third- -Order.—By triangulation | or traverse of | third- order accuracy, or by 


some combination of the two, the positions of all cadastral points within, and 


‘monumented stations. In most cases this was accomplished by n measuring =the 
angular directions to signals set at or near the retraced cadastral monuments or 


flow-line e angle points; and the procedure, | because of its closely related per- 
formance to the second-order work, has already been described herein. a : he few 


remaining ‘corners which lay concealed from second-order stations were co- 


‘ordinated three- -point- observations 1 made from an spot near the 
concealed monument. é The ‘practical aspects sof this, ‘the Pothenot ‘method, 


_or Italian ‘‘metodo di Pothenot, ”’ 3 are already vation well known to professional 
photogrammetrists and u use of this method represents the refinement 


to its adaptation to ca cadastral ‘surveying. 


Instructions to the “three- -point”’ obeerving party emphasized large 


necessity. of selecting stations carefully for ‘a strong ‘Tesection, and further 


" pointed out the dangers of a agit lying on or near the are of the great circle, 


such a fix (commonly termed a “swinger” ’) being indeterminate. . Treatment: 


ei resection problem may be be found in any good manual on plane-table 

surveying, and the only further mention of the procedure i in this paper is of the 

_ development « of an n arbitrary index to the strength of | any given three-p -point- “fix, 

Ww hich will be found with the description of the computing form in use on this 

Rather frequently a landowner would appeal to the Right-of-way | Division _ 

y to complete appraisal and survey of his tract in advance of other work i in that 


- vicinity | to forestall some pending litigation, and thus save both himself and 

7 the Government considerable delay and expense by the : speedy consummation — 

7 of the property transaction. 7 In that case the three- point party would co- 


a ordinate the adjacent corners al and traverse control points quickly : and the 


necessary plat would be forthcoming within three or four days. a 
The use of a standardized metric-foot tape was found most applicable for 

- CO- o-ordinating points within 100 ft of the control station. For points lying 
 bayend 100 ft and up to 500 ft, or for r taping loop traverses, a standardized 

300-ft or 500-ft steel tape was used. A standardization site was laid out with 

the i invar ‘tapes, and a calibration card ' was compiled for each of the two lengths 
of tapes. These cards were given to the chainmen for field use. Mounted 
on cardboard, they furnished a rapid means of determining the proper plus or — 
‘minus correction for various conditions of a and catenary. — For 
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example, referring to Table 1, for an observed 500-ft m at 22° with 
200 ft of the tape lying on a flat s surface (supported throughout) and 300 ft of > 
catenary, under 15 kg of tension, the correction would be $(— 05) * (- 15). 


= — 0.17, or 500. 00 — — 0. 17 = 499. 83 ft as the true — 


TIONS FOR THE Tempe ERATUR 


Degrees 


10 


*Tape supported throughout. 
Note. —Values above the heavy line are plus; those below : are 


7 Transit angles w were measured | by the repetition method, the observer record- 


ing one set of , and closing the . 


v ariations i in the method of third- -order co-ordination included the follow- 
ing: - (a) ‘Triangle closure at the control station, in cases where cuts could be 
obtained only from two second-order stations; and (b) observation of one line of — 


‘a three- point- fix reciprocally and holding the direction of that line as fixed. 
_ Where it was to obtain a cut to. fourth 


“chee ck-position.” 


4 wid i total of 1934 points | were co-ordinated by surveys of this accuracy. oe 
cluding the positions of the 384 monumented stations occupied, a total of 4 051 
control points and cadastral corners were co-ordinated over the project. 
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The: presentation, in this paper, of material pertaining to related surveys 


performed with control and co- -ordination will necessarily be 

: Topography.— —T opographic map] mapping of parts of the draw-down are area through | 

town sites and across tracts of relatively high valuations made full use of 

adjacent control, both horizontal and vertical. _ Plane- table sheets were pre- 
pared i in advance with the grid co-ordinate : system, flow-line traverse, , and such 
natural « objects as might be used for resection cuts, plotted on them. Control 
proved of inestimable value i in mapping ‘these isolated areas. 
 Photogrammetr, y. stereotopographic map extending _the 


the en had been provided by the latter jean = -table 
triangulation, and although a faithful representation had been made of the 
terrain as to the shapes. and sinuosities of the contours, the displacement 


invasion of the 1 310 sole, The terrain ‘wl 1 100 \ was often the extent of 4 
topographic delineation on the maps, s, but in general the series ; provided a 
valuable aid to the Bureau’s triangulation reconnaissance. 
: _ Early in 1934 a “flight” of single-lens aerial photographs» was made for the 
project by a private contractor. flight extended 75 miles up stream 
> the dam, embracing the area of the so-called low-dam backwater. Au unit of the ’ 
triangulation party was detailed to signal points on the ground to appear in the , 
aerial photos, and to perform sufficient picture-point identification work and — 
ground control to assemble the contact ‘prints adequately into a controlled | 
“mosaic. . Control po points were selected on the prints and co-ordinated by sub- 
stantially the same methods as were used it in ¢o- -ordinating cadastral corners, 
and the section corners were identified wherever | possible and pin pricked by the | 
- retracement engineers. — In a few instances radial plots were made from the 
Z photos t to enlarge upon some fe feature of a special right-of- -way problem. _ After 
identification had been marked on the photographs, they 1 were handed to the | 
; -Tight-of- -way appraisal crew, and greatly aided this feature of the acquisition 
work. Later they were utilized in the development of the new highway and — 


rural road system which eventually replaced the existing road system of the 
area to be flooded. 


Hydrography.—Control surveys, both and vertical, foun¢ 
spread use in the field 1 surveys to determine backw ater effect of the reservoir 
pool. Sounding | ranges were co-ordinated quickly throughout the backwater 
reaches, and profiles and soundings placed on the project datum from adjacent 

circuits 0 of precise le levels, 
Miscellaneous —Special field surveys for by the Right- of-wa ay Divi 
sion embraced those made by inaccurate or obscure descriptions: 


- found in previous conveyances. Often large discrepancies involving excesses or 
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‘deficiencies, or perhaps overlapping t tracts, would necessitate a retracement of 
ane highway, rural road, and railroad rights of way, ‘and would require that 
a these tracts be related t to the adjacent properties. _ More often, an obseure 
point of beginning, an 1n unclosed description, or r questionable o orientation, would 
present the troublesome feature of a conveyance. Once carefully surveyed and 

, related to the governing system of rectangular co- -ordinates, a ‘perpetuation 


ing at the same time a double-zenith-distance set of observations. Elevations 
obtained by: this method were reliable to within one foot of the t true ‘elevation. a 


of boundaries would result, and would permit, at any future period, the exact 
(Of no small degree o of importance -on the project was the e: exacting ‘require-_ 


, res and uld permi future period th 
re-establishment of boundary markers subsequently lost or destroyed. 

p ‘ment, at the Grand Coulee dam site, for precise construction control. _ To 


One interesting problem arose in the rec requirement for replacing long-span 7 
telephone crossings. The length of span and elevations of supporting tow ers 
were determined quickly by a three- -point-fix theodolite observation, perform- 

z provide adequate control for the building of the world’s largest ‘structure, the | 
standard of accuracy was set at that of first-order triangulation and precise 
bel: leveling. 7 "Location of the axis of the dam, tentatively fixed by the U. U. S. Army 
Engineers some years before and marked by them with two iron pipes, was 3 
_ adopted subsequently by the Bureau of Reclamation as a result of its explora- 


Ss studies. Projected outside e the works area with the precise theodolite, i 
the axis was marked permanently and referenced by grouting standard bronze ; 


" 4 disk markers in granite outcroppings, at points commanding : a full view of the 
construction area. The stations marked were ‘were’ designated “east: axis”’ 
and ‘‘west axis,” and formed the south side of the first quadrilateral ‘figure. 
fi (see Fig. 4). Station Alpha, , already set on the east bank near the center of the 
contractor’s future town site, and Station Osborne, on the west bank in the 
Government engineers’ future city, completed | the figure. T The base line was 
¥ ‘measured from Station Alpha to Station Ferry, this latter point lying on on the | 
of f the d dam at an elevation somewhat below Station East t Axis. 
steps of the survey were accomplished in occupying the stations of r 
this first quadrilateral figure: namely—(a) The 1 100-m base line was expanded 
into” the ‘Scheme, (6) third-order directions were measured to the near- by 
cadastral corner er signals, (c) directions of first- order accuracy were 1 measured to 
40 supplemental s stations established for works area control, and (d) observa- — 
tions were made on adjacent first-order stations for fixing the geographic 
- positions and azimuths with respect to the 1927 North American Datum . | 
\ 8 a  Tigid least- “squares adjustment of the works area control was next per- 
formed, and a , grid system, using the axis of the dam as s meridian, was dev ised 
for u use over the area. — Supplemental grid lines, parallel and normal to the axis, 
wie’ were established on the near- -by hills at intervals - varying from 400 to 600 ft, 7 
t the taping being with invar tapes equipped with spring balances and thermom- . 
5 “eters, fs Resulting lengths w ere adjusted to v aneee furnished for each tape by the © 
U. S. Bureau of Standards. . By‘ “wiggling-i in’ in two. directions, ‘any 0 of the 7 
_ intersecting lines might readily be reproduced as the dam construction pro- 


gressed, and thus afford an easy means of holding form- setters’ chaining errors 
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to a minimum. 
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In 1934, during the first few months of control survey activity, headquarters 
for. both the field crews and nd the computing de detail were maintained at Almira, | 
= ‘Wash., the town nearest the dam site. _ This period of intimate contact between _ 


the two units of the organization was utilized largely in initiating the procedure 


— K \ 
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pe — 


to be followed in the steps of converting field data to their final form of con- 


veyancing plat. Later the two units were ‘separated, the field office being 
moved successively to Davenport, , Colville, and Coulee City, W ash. ; and the 


computing | detail was stationed permanently at the dam site (Coulee Dam, 
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‘istry or GRAND CovuLEE DaM 


— Wash.). To facilitate the transmission of field data an expeditious system of 

data route ‘sheets and index ‘maps was devised (see Figs. 4 and +5). _ 

‘Index maps were oriented to accommodate a maximum of area, with a 

minimum of overlap, without regard to cardinal orientation; 37 such maps were 

Tequired over the reservoir area, and were numbered successively up up stream from 
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the dam as A441-1, -2, ete. to -28 over the Columbia River area, “AAI. SP1_ 
to -SP2 over the Son Poil River, A441- SK1 to -SK5 the River, 


and A441- KT1 to -KT2 over the Kettle River area. 


- Bach cadastral corner or control point co- -ordinated bore a serial number 
first assigned to it by the signalman, and referred to as the Signal Building — 
Card, or “SBC” number, of the point. For indexing, the “SBC” number was: 
assigned to the lowest numbered index map and data route daa of correspond- 
ing number, (on which it first appeared. — | Thus, all data pertaining to each — 

‘individually co-ordinated “point, including its retracement record, signaling 
record, co-ordination of , and its intersection or three-point-fix 
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the point, were filed under | the SBC 1 number Ts the proper index map 


folder. Duplicate files were maintained in the field offices and at computing 


headquarters. 

i Advance sheets of the index map series were prepared i in the field office as 

7 quickly as reconnaissance ~ data were forthcoming. . These sheets, locating 
approximately the positions of second- order stations, were compiled and blue- | 


q 


‘printed chiefly to aid the three- -point party in their ‘peenelibiin | problems i in the 


field, 

The data route sheets were re prepared : at the field office in pencil s as the work © 

_Progressed. - Upon completion of the work over that area, they were ‘el 
and sent with the index map to expedite the work of the computing force at 


the headquarters office. The data route sheet followed through each step of — 
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“the identity y of the field chief ences ~ of the x retracement, : signal- 7 
ing, , and cO- ordination » as well as that of the abstract checker. In addiiien, 
the print number of the aerial photo upon which the picture- point identification : 

had been made was indicated, and finally the drafting a and transmission record | 


: ‘The field office provided all final values for the 5 geographic positions ons of 
_ first-order stations, and the vertical angle elevations of stations in the second- 
order nets of triangulation. -Least- -squares adjustments for this work were 
-made generally during inclement weather by members of the field parties s skilled 
‘in opeiel mathematics. Station description cards were typed in the field 
“SHEET | OF 2 SHEETS 


are TO ABBREVIATIONS AND NOTES 


METHOD OF COORDINATION 


> sl 


z 


| 


STATION 


ON STATION — TRANSIT ECCENTRIC 
SCCOND-ORDER TRAVERSE 


THIRD-ORDER TRAVERSE 


THREC-POINT-ONE Fix 


THIND-ORCER TRIANGULATION 


TYPE OF RETRACEMENT 
ORIGINAL GLO. CORNER RECOVERED OR RESET rRow SCARING TREES 
CORNER OF OCCUPANCY RECOVEREO 


3 


STATION i | or — 
DESCRIPTION CARD | 

AIR 
in | TAKEN TRETS 
== 


office for all monumented ‘stations and co-ordinated points, and photostatic 


—_— of ‘these cards were ages for transmission to ) other Governmental 


"Legal Divides. At office” were by ‘the: 
direction method of least ‘squares. 
mal Two forms were devised by Bureau computers which deserve attention, one 7 
for the intersection station solution (see Fig. 6), and the other for solution of the. 7 
resection, or three- -point-f -fix problem (see ‘Fig. . Each makes provision for 
‘carrying the | computation | through traverse courses beyond the “fix” point to 
the corner "Sought. _ Instructions for the use of these forms are 1 to be found i in. 
_ Appendices | I and Il. ‘The mathematical formulas used in the forms are not 
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—At the hands for co- 


1 offices in the form of “Lists of Directions, ” 


COORDINATION OF 


STATION 


ELBURN 


33 |O056wW 


Check Check ' 
Cot. 0.278 4383 Bear N 74° 26 27% € 


‘ 
6! 


Check 
278 4 4366 ‘Bear. 


Cot. 472 Bear. 


=. 


Fic. 6. _—INTERSECTION ‘Computation Form 


each triangulation station of second-order accuracy and contained, in n clockwi 
as. many as a hundred or more cadastral points order stations). 
Opposite each name ne appeased the angle which the direction to that signal had > 
been observed to make with the di direction to the initial or first — the list. x 


point was always ¢ one of the second- order stations, 


nt of terms is of 

— 
= 
— 


1999 


L SIX MILE” |__ + 

O25 2 wine 

+0.254 S74! 


= 5 3 25.4 2.NINE MILE” MILE” 


p= 40.770 3710 


Bear diff [a2 275°" =m OU 


= 6 1.733 8888 


| Bear S$ 76 58 20 Evist (52.50 ft” 


14/23" 
Bear Dist. 


“Point Near” 


| 37 1\020|42 ral 7 
— 
By 387166873)  +21594|980197 
me + = + 7|8 29/29 
726 
846 9 _=cot. bear fo IL-o= +17|59 6|53|M-N =-2 

|, 62 22'36.0 WININE MILE'2|__+ 
= 75 3534.2" | ‘prea | - 376927104)  -260/|179|26 
| Bear N 6 47 WMITCHELL’ 4 392\/55|36| ##$ 
— 
| 
| 
Pt Nr| +10\741/69)| - 6|198\29) 
1 é Fig. 7.—Turee-Pornt-Frx Computation Form ‘ 
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the dim had work on 

_ second- order net, each list of directions received two items which served to fix 

y its | position . and orientation—namely, the Y and X co- -ordinates of the o occupie - 
station and the grid : azimuth of the initial direction, oe adjustments of the 


the to. which all third- observations on the list were 
; referred, a direction of 0° 00’ | csinat was no longer the direction n to any — 
a ‘real object. How ever, there was no ¢ confusion i in this, as s the fixed grid sere 
of the residt 
at the head of the list. grid azimuth of the “out” trom the ‘occupied 
| station t to any signal i is thus the sum of the grid « azimuth of h of the initie initial | direction 
and the direction to the third-order signal. 
__On the North System of Plane Coordinates, Lambert con- 


i 


‘The plane co- ordinates. ofa signal may y be. determined readily a 


simultaneous solution of two equations which represent cuts from two second- 
order stations. Adopting this. widely used principle of. analytic 


= 


the computation form devised for use on this project reduces the work of co- 
ordinating intersection stations to a routine requiring approximately 1 15 * 


of a computer's s time for each 


eile rarely were the three cute exactly concurrent; ; usually in formed a aul 
triangle ‘of error. . No attempt w was made to. determine the most probable 
position within this triangle. - The co-ordinates of the point of intersection of 
the two cuts which intersected most nearly at ‘Tight angles w ere adopted 


. arbitrarily as final . Third- -order observations were > rarely i in error by more than 
3’, and the cut from second-order station to third-order signal seldom exceeded 
3 nie i in length. Under such circumstances it appeared that the foregoing 
yaa was usually within | 0. 15 ft of the point that: would have been 


a 


of the co- -ordinates and 2 as such is ‘because it is 
‘somewhat greater than the | actual error. = The co- ordinates’ of the third and 


_ weaker vertex of the triangle of error are not computed . The form (Fig. 6) i is 
equally : adapted to use in ae pcp and variations where only one 0 or 
two cuts from second- order stations are , available but additional observations | 


have been m 


| 
on 
station. Thus, the initial station would have an adjusted direction slightly fe 
— 
jn 
ved - 
. 
— | 
@@ 
computing procedu-erdinates of the points of intersection of the 
— _ strongest and second strongest pairs of the three cuts are determined. The | | 
_——_: j.. displacement between these two pairs of co-ordinates is also the length of the — & 
vy ia 
— 
er 
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solution of the resection, o or -point problem, 4 several 

mechanical short cuts to the computer familiar with calculating machines. 
‘The example given in ‘Fig. 7 Tequired 20 min for the first computer an and 15 oi 
for t the > checker. Among the advantages 0 of this form are: (1) One procedure a 

takes care of all variations of the three-point problem; (2) necessity is eliminated _ . 

a & preliminary i inverse computations between the fixed stations; (3) all com. 
- putations are performed c on one sheet; there is no need for serateh- -paper com- 
putations; (4) warning is furnished if a fix close to the “great circle” i is being _ 
computed; the « quantities L-O and both» become very small and 
contain less significant figures than are required for K; (5) in its elimination of - 
inverse computations, triangle computations, ar and a all trigonometric: functions 
except the cotangent, this form (Fig. 7) has m: many features in common with — 

- the Bureau of Reclamation form, Fig. 6 (as developed on the Columbia Basin 
. Project) for computing intersection and resection stations, ete., in which an 
unknown point is quickly co- -ordinated by simultaneously solving two or. 
equations of the form of Equation every direction or “ ‘cut” on the 

plane co-ordinate system being exactly represented by such | an equation. 


_ These similarities between the latter form and the three-point form contribute © 


a mutually to the development of speed i in the work of an inexperienced computer 
who must become accustomed to all types co-ordination problems. dis- 
cussion of the ‘‘fix strength index,” as applied t to this form (Fig. ‘eh is shown i yn in 


Appendix IT. 


7? In one of the completed —" order nets, the third-order work disclosed a 


‘maximum. side | closure of 0.55 ft and an average of 0.21 ft. If one assumes the 
average length of sight to be 8 000 ft, the average closure of a three- -point- -fix or 
of a third-order intersection station is one part in 40. 000, and the | poorest - 
closure one part in 15000. There is no question that these accuracies » were 

consistently attained. Adjustment. statistics of the first-o: -order and 
order nets are shown in Fig. 8. ner 

- Right- of-way plats (see Fig. 9) for the Legal Division of the Bureau w ere ae | 
prepared on scales | best t suiting them “for binding with conveyancing forms. 
Characteristic data a appearing on the | plat for each parcel w were: (a) Representa- a 7 
tion of the value of 6, or mapping angle, from true north, | the recitation 
“Grid Bearings, Distances, and Coordinates are based on the North Washington 
‘System of Plane Co- ordinates,” and (c) the Y and X co-ordinates of two 
adjacent “dry” ” monuments and the grid bearing and distance between these 


ow A simplified | cost , keeping m method was inaugurated early i in connection w ith - 
- control and co- -ordination s surveys, inasmuch as the n new procedure was often 
- subject to critical review, and further to facilitate a detailed analysis of the - 
economies of the variations in procedure as the work progressed. _ The Bureau 

of Reclamation system of cost accounting, last revised in 1917 when the Bureau 
‘Survey activities rarely, if ever, extended themselves beyond canal location and © 


4 


we we 


4 For formulas, see Special Publication Ni 145, U U. . Coast and Geodetic Survey, Pp. 98 and 100. 
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me 
| 39A Y= 637, 979.26FT. 
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subdivisional surveys, was follow ed as the structure upon w upon whieh t to deat the Pa 


‘Survey Cost Columbia. Basin Project 


(671) Subdivi ision 


WA Works Area (Precise 


Number 


(668) 2 Location | 
(668) 3 Flow Line Triangulation—Second- Order 
(668A) 4 Retracement 13 Triangulation—Third- 
5 Reconnaissance (other 7 (673), 14 Triangulation—F ourth-Order 
15 Precise Construction Control 
6 Soll (676) 16 Level 
(676A) 17 Photogrammetric 


(672) 8 Topographic 18 ‘Hydrographic 


(673) 9 Trial 


(a) "Reconnaissance (675 only) (0) Linear miles 3 progress (axial) 
(b) ‘Station marking (p) Cost per linear mile 
(c) Signal building Square miles covered 
“Moving camp rer. Cost per square mile 
Observing Number of stations occupied 

Baseline (t) Cost per station occupied 

Traverse (u) Number of targets 

‘Setting p precise targets Stations set 
(j) = point identification — (v) Cost per station set 7 ee 


(k) 


i 


‘Miscellaneous Number of points whose geo- 


Moving permanent headquarters positions co )-ordi- 


(x) Cost per point determined 
Number of corners retraced 
Cost per corner retraced 


of f simple structure, yet one which might be relied upon to give, when called for, } + 
‘any ‘unit cost with accuracy. Segregations were made daily by e each “party 
chief , assigning in the proper | column of the daily labor report the account | 
“number and detail symbol pertaining to his s crew’s Ww ork for that day. _ At the i 
end of the month the office clerk added to the s slip the amounts for salaries, ferry 
tolls, fixed Office charges, material costs , ete. . Transportation costs were com- 
puted ‘on a cost- -per-mile basis furnished the field office- by the project ‘cost - 
accountant for r each car or truck, and assigned at the field office to the proper i 
“job: number on a ‘mileage basis. Recapitulating, accounts required only 3 
4 hr of the clerk’s time at the end of each month. ‘Unit costs were computed 
and tabulated twice annually, June 30 and December 31. A partial tabulation 


of the field and field giles aeats of control a and co- ordination surv eys ov er the : 


River reservoir site is given in Fig. 10. 
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Miscellaneous —_ |$ 17.71/$ 267.52 


Miscellaneous 3.38 95.30 
Linear miles progress (levels and and traverse) 4.91 30, 34 
Cost per linear | — $ 39 85 
a Linear miles progress 13.6 
Number of corners retraced 
per corner retraced 


— 1 ange «12.39 39 


Triangulation, ders 


Station marking 
Moving 

Miscellaneous i core | 
Moving permanent ‘headquarters OB, - 


339,69 
Linear miles progress, axial 
Cost per: linear mile - x 70.00 


Square miles covered 
per square mile 


of stations 
Cost per station occupied 
_ Number of points whose G.P, ae etermin 
Cost per point determined 
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$0. 305 to ‘30. 345 for the different, annual periods o over which 

work extended. Retracement costs, on a ‘ “cost-per-corner-retraced”’ basis, 

amounted to $4. 07 for the 3-yr period over which this activity was pursued, 

Many of these corners represented widely- scattered points in country exceed- 7 

ingly difficult to Teach, found to be e required for subdivision purposes many _ 

months after the first. stadia retracement parties had gone over + the: area, 


the necessary search through | w 


party, 6 643 corners were | recovered by. the timber-cruiser plored at a cost of 

‘$2. 48 per corner, or one-sixth the estimated cost of retracement byt the stadia = 
method. - Likewise, the data shown for flow-line levels and traverse se costs per 

po are to be understood with the modification t that they represent reruns of 


‘isolated sections found to be in error between triangulation control points, and 


Beyond the point nt of retracing the original | General Land d Office » corners 4 and 

other cadastral points and boundaries, the method developed presents : a com- 

_ plete reversal of the classical, or usual “ground methods,” of co-ordination, — 
Although it establishes a precedent “beyond the previous knowledge of the 
i : Court,” the method is believed well grounded in 1 the: legal elements affecting — 
1S boundaries and adjacent properties, in that the mathematical determination of 

(7 i azimuths and distances by the inverse method is supported by the closely con- 


_ trolled allowable limits of closure, as well as the requirement for the position 


check of each point. | These elements, coupled with the permanency of such a 
‘survey in connecting with a definite mathematical relationship to the Federal 
- network, alone justify the procedure, and I in light of the cost element attained, | 

further justification for the procedure i is apparent. 
writer is heed aware of the limitations placed | on work of 


(1) The project must be situated close to points in the Federal network, or it 
must be of sufficient magnitude to warrant carrying in the control from some 
» distant network; (2) there must be no compromise with the high quality of 
instruments snd equipment required for the control part of such a survey; 
and (3) the selection of personnel to prosecute s such a ‘project | must sedulously 
7 ‘guard against the inclusion of any but those best qualified i in their respective 
fields of this highly branch of en gineering. 
ACKNOWLEDGMENTS 
is ‘made to Mr. R. E. McGowan , Assistant Bureau Engi- 
 neer in charge of headquarters computing office, for his aid in developing the 
two computing forms, Figs. 6 and 7, with their respective instructions and 
commentaries, in | Appendices I and II. 
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_ GEODETIC AND CADASTRAL SURVEYS a 
all the work of providing geodetic control and co-ordination over the Grand — 


ee Dam Reservoir and Balancing Reservoir sites was undertaken with a i" 
field and office personnel vary ing from a maximum of 28 men to an average : 

force of 15 ‘men. The work 1 wa s done by the U.S. Bureau of Reclamation om on 
Columbia Project, with headquarters at Coulee Dam, , all field 
being under the direction of Frank A. Banks, M. Am, Soe. 
AT engineering and construction work of the Bureau i is under the d direction. 7 
of R. F. W alter, M. Am. Soc. E., Chief ‘Engineer, with headquarters at 


Denver, 


Am. & Soc. C. E., Commision , with heac headquarters at W 
ant 


Comput TATION OF THIRD-ORDER INTERSECTION STATIONS 


The computer about to co-ordinate a third- l-order intersection station will 


= first examine a field map and determine the strongest and second strongest pairs 7 
of the three cuts, the criterion being the closeness with w hich the intersecting 
angles. . The cut common to both pairs is designated 


‘No. 1,” the remaining cut of the strongest pair “No. 2,’ ’ and the remaining 
; pe of the second strongest pair “No. 3.” _ ¥ Referring to the sample computation | 
in Fig. 6, the procedure begins by entering | the names of the three second- order a 


7 


‘ 
f 
> 


stations, Inchelium, Elburn, and Dorr, on L ines 1, 2, ‘and 8 in the order de- 
scribed. From the list of directions for Station Inchelium the following items 


rs are italia des to the 1 right and le left of the space on the form where the station 


(a) The Y and X co- ordinates of 
The grid azimuth, 224° 5’ 216 (the grid azimuth o of the 0° 00’ 00700 
dwection of the list). 
— (c) The direction to quarter- section corner between Sections 3 and 10; viz., 


29° 5 1’ 05” 4 


: ore Addition produces the grid azimuth of the cut from Inchelium; ohn as a 
bearing it is N 74° 26’27"0 E. Below, in the central part of the form on Line 1, 
Fig. 6, the equation of the Inchelium cut may be formed. The factor m in 
Equation (1) is 0.2784370, which is the cotangent of the angle ' 74° 26’ 2770 . 

The sign of the mzx-term i is for cuts in the northeast and southwest. 


quadrants and plus for cuts in the northwest and southeast Substi- 


‘the value of bis is found to be — — 255 899. 85. — Itis advantageous to perform 
substitution ona ‘calculating 1 machine i in such a manner that the — mz-terms a 
and Y- -terms accumulate on the dials. — Similar handling of the observations 
from Stations Elburn and Dorr completes the formulas on Lines 2, 3, 2, and 4 


— 
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‘in the lower half of Fig. 6, as none 


are by subtracting one e equation other. 
_ X-co-ordinate, obtained by machine division, is written on the right, in the X_ 
column. . T The corresponding value of Y results from a substitution of the 
X-value in either « one of the original ‘equations, preferably. the one 1e with | the 
: —_ cotangent. This substitution may be performed entirely on the com- 
_ puting machine. Following the same procedure with Equations (2) and (4), 
the co-ordinates of the 1-3 intersection appear in the lower part of the form. 7 
The differences i in Y and X between the tb 2 and ‘ 3 co-ordinates are 0. 03 ft ft 
and 0.10 ft, “respectively | The displacement between the two ‘points of inter- 
section is therefore 0. 10 ft, usually written in the right-hand margin of the : 
As this value lends assurance that the 1 “2 co- -ordinates are 


aa Immediately | below the 1-2 co- -ordinate line, space is reserved for computing 


- the co-ordinates of the monument proper if the signal is known to be eccentric. 
The eccentric distance from signal to monument, seldom exceeding 2 ft, along 
Ww ith carefully taken compass bearings observed from the signal to the monu- | 
ment and to the second- order stations, is taken directly from the Signal 
; ‘Building Card received from the field. "On the sample computation form 
(Fig. 6), the bearing from the signal to the monument (S 51° 00° E) has been 
referred to the Y-axis of the co-ordinate system by taking the : angles betwe i 
the compass bearings on the Signal Building: Card and a applying these to the 
reversed bearings in Sections and 3 in the upper part of the form. 
Computation of the eosenteie step should always be checked. In actual 
‘practice t the work of the original computer appears in black ink, whereas that — 
of the checker ap appears in red. a For the purpose of differentiating i in this paper 
the original computer's v SW ork i is shown as tall, slope figures, whereas: that of the 
checker’s appears as ‘small, vertical The checker does not examine 
“the equations that his predecessor h has used, but it instead, computes the bearings: 7 
to the 1-2 co-ordinates from Stations 1 and 2 , and to the 1-3 co-ordinates from 
Stations 1 and 3. It is convenient to fold under the upper half of the form 7 
successively on on the Lines A- A-A and B-B; the folded e edge with the 1 1-2 or 1- *“f 
“co-ordinates | uppermost 1 may then be laid beneath the co-ordinates of Stations 
+ 2, and 3 on these lists of directions and the sight differences in Y and X may 


“easily be obtained by subtraction. _ Dividing the Y’s by the X’s gives the 

check cotangents which reproduce the foregoing bearings checked in Sections 

2, and verifying all all the computations leading to the adopted 


ent 


h the form for combination of uts 2 and 3, an 
There is also space at the bottom o 
or of a possible fourth cut. 
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will first ex- x- 


which will een the > strongest: fix. The fourth object, in this case Station oe 
Mitchell, is reserved for checking purposes. Hence, Stations Sixmile, Nine- a 
; mile, and Jensen become Objects 1, 2, and 8, respectively, on the computing» 
form (see Fig. 7). (If the point sought happened to lie within the fixed triangle 
Sixmile-Ninemile-Jensen, any one of the three fixed stations could be e designated 
Object No. 1; No. 2 and No. 3 would follow i in clockwise order. ) | The names 
of the four states are written on the lines labeled 1, 2, a 2, 2, ‘and 4 in the : 
“upper half of Fig. The known Y and X co-ordinates of hen stations are 
entered in the spaces to the _— of their names. From the List of [ Directions © 
the three angles 1-2 (a), 3-2 (8), and 2- 4 are obtained by subtracting mentally - 
and entering in the : spaces provided on the form. The cotangents of a and B, 7 
taken from tables, are copied on the lines labeled “‘cot a ” and “ cot 6.” an (Inter- 
polation between the interval values given in the tables i is an operation of only a _— 
few seconds on the calculating machine. — For an angle greater than 90°, the 
cotangent is negative, of ¢ course.) Fig. 7 is self-explanatory as the ‘computer 
~~ down the right-h -hand side of the for form to Line L-O and ee 
_ When these two terms are divided as indicated on the left-hand side of the 
— they produce the e quantity K. Directly below this | quantity, | E+1 
may be be developed. To the right, substituting values in either of the two — 
expressions: produces Q, which is written in the spa space 
- provided on the extreme e right. a Immediately to the left of Q is a space for the 
KQ. Adding algebraically produces the position co- -ordinates of the 
“Point Near,” the name given to the point sought or that point from which the _ . 
three-point observ ation was made. minus signs before the and X ¢ 
7 ordinates of ‘Point Near” should be ignored at this time but will be found to q 
somewhat in 1 the checking operation involving Station 


‘Mitchell. — In | cases where the value of K is greater than unity, Q may be a 
4 small quantity; in such instances | Q should be evaluated to several ‘places of 
decimals, as these significant figures will be essential to accuracy in developing 
At this stage of the computation, the problem has been so _— to the <— 
of determining the -ordinates of the three-point: fix. An experienced | com-— 
remainder of the 
form is used for checking both the field and office waek and for resolving the 7 
co-ordinates of the “Point Near” through the short traverse step to the co- 


ee ordinates of the concealed monument, in this case the quarter-section ¢ ised 


Returning to the use of the fourth ‘object, Station Mitchell, the ec computer 


= 


makes the algebraic subtraction i indionted where the co-ordinates of Station 


_ 


| 

| 

; 

| 

1 

| 

— 

— 
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GEODETIC AND CADASTRAL SURVEYS: 
Mitchell have been w written. — y 
7 value which is the cotangent of the beating to Station Mitchell; ev 
the left this bearing is N 6° 47’ 00"3 W. On the third line above this may be 
_ written the bearing to Station Ninemile, derived from K, which is the cotangent : 
of the bearing to Ninemile; the quadrant i in which this bearing lies is determined 
ntities Adding (clock- 
wise) the angle 75° 35" 3472 again produces a bearing to Station 
a N 6° 47’ 0178 W, which is 15 divergent from the Mitchell bearing 
previously obtained. _ This quantity «@ 5) is a measure of the accuracy of the 

& observations | given in the List of Directions s, provided: (a) The “office” 
solution has been free from error, (b) the rectangular co- -ordinates of tl the four 
~ second- order stations are entirely accurate, and (c) the fourth object ‘is ‘80 
situated that it offers a strong check against the other ‘three. oe — 

_ The computer who has completed his work to, and including, the lir 
“Bearing Difference” (Fig. 7), finding the field 
== to the ether part of the form and makes the simple traverse com-— 

-putation to dev elop the co- -ordinates of the quarter- -section corner-stone. | ‘His 

initials, F. S. B., at the top of the form, indicate he has abstracted these co-_ 
A ‘computer checks the first man’s work but follows partly inde- 
pores procedure which begins with the assumption that the co- -ordinates “4 
the “Point Near”’ are correct. , He first verifies the three angles a, B, and 2 


‘Next, in’ the center part of the form, he makes subtractions 1-Pt. 


“Pt. Nr. and 3 Pt. ‘Nr. in the Y and x columns (This subtraction is 
4 formed most simply by folding | under the top half of Fig. ‘7 above Line A—A on 
_ the sample and then successively placing the folded edge directly beneath the 
co-ordinates of Stations Sixmile, Ninemile, and Jensen w here they are listed on 


the abstract: sheets; the “subtraction i is 3 thus made without | copy ing down any 


produced these co-ordinates for “‘Point Near.” Below this the 
computer checks all the work of his predecessor. 
UsE OF THE Fourtu OsJect To CuEck THE OBSERVA TIONS 
On the line “Bearing Difference,’ the 1.5 sec of little aid in deciding 
oi whether a specified accuracy | of one part in 5 000 is being met. _ Therefore, the | 
= estimated length of the line between ss ‘Point Near” and Station Mitchell, 15 300 
ft, is multiplied by the sine of 1 5 to” give 0. 11 ft, which value, in turn, is 


_ divided d by the sine of the vrs 4. 2 to produce: the ultimate index of “accuracy 


. 4 the: terms on this line mentally and without resort to Aehies. The last angle i is 
ae not always 4-2 but, rather, is the angle between the direction to 4 and which- - 
_ ever of the other three objects will produce the angle nearest to a Tight angle. 


This er entire “procedure that involves the fourth « object is entirely, arbitrary; 
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the reason for performing it in this manner may be seen in the following — 


> review v of three- -point problem computation where a fourth ¢ object is available: a 
@ Mr. w. Reynolds has shown® the ‘method of combining all four 


directions in a least-s -squares s adjustment. This ideal ‘method, of course, is not: 
intended for general engineering use. 


(0) ‘The suggestion of making two different solutions ia is made by the U U.S. 
Coast and Geodetic Survey,* which « omits one of the four objects in 1 the first 
solution and omits: a different object in in the second solution. ae a 

@A variation of Method (b) is popularly used because it is quicker and - 
apparently furnishes as faithful a check. This method may be illustrated by a 7 
solution of the Bureau of Reclamation sample three- -point problem on Coast and 


Geodetic Survey Forms Nos. 655 and 25. Station Mitchell 


‘mile- the second angle of the second triangle. The common 
side of the ‘fourth | triangle disagrees by 0.13 ft with the ‘side in the first “7 


= 


second triangles. — Values s greater than 0.13 ft would : appear if the fourth 
were Point Near-Jensen-Mitchell or Point Near-Sixmile- 


‘The fourth drag is songs chosen so o that its first angle i is as near a right 


by the sine of 4- 2, which between Station Mitchell 
and whichever of the other three objects produced the nearest to a right angle. 
If a number of examples were solved by b both methods it would be noticed that: 
the final index value (0.11 ft) on the line “Bearing Difference” in the Bureau’ 
; of Reclamation form is practically identical with the check value (0.13 ft) 
appearing in the fourth triangle of the method of triangles mentioned. No 
‘matter which of the two methods is followed, the index or check value obtained | 
by using the fourth object as shown in n these examples is believed tc to be as 
trustworthy y an indicator of the accuracy of the field observations as can be 
obtained without a a least- Squares adjustment. The | average of these index 
--values fora a large number of en: problems in in a given district app appears t to ; 
‘Tepresent the “error r in 


| 


J 


ae Special Publication No. 138 (Manual of Triangulation eanbandos and Adjustment), U. 8. Coast | 


8 Special Publication | No. 145 (Manual o of Second | and T Third Order Triangulation and Trav erse), U. 8. 
3 Coast and Geodetic Survey. 
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lan _ Synopsis 


unit, hydrograph principle was first “presented i in 1932, by Leroy K. 
Sherman, 2 Am. Soe. C.E. 8 Since then i it has been developed i into a ‘usable 
method for. surface run-off analysis. “most notable advance was th he 


introduction of the distribution graph and pluviagraph i in n 1934 sad Merrill nal 
Bernard,’ M. Am. Soc. C. E. 
Although the method has become quite generally the en engineers 


- and hydrologists v Ww ho have made sp special studies i in a this field have; suggested th that 
se research be conducted to determine, more definitely, the limitations i in 
- the application of the unit hydrograph. | ‘One of the unsettled issues is the 


question of its s usefulness on email streams. 

Iti is hoped that the present investigation v will provide : a better understa nding 
of the natural phenomena involved in the production of a unit hydrograph. 

‘The ‘paper demonstrates that the unit hydrograph principle may be applied to to 


small water- sheds, and that the distribution graphs and pluviagraphs are 
valuable tools for the analysis of surface run-off. _ The duly 
‘that the unit hydrograph method is one of the best practical devices for pre- 


“described in this: paper w as conducted to determine ie 
whether the unit hydrograph principle i is : applicable to small streams and, if so, 


‘Cin 


to determine its usefulness as a tool in the e analysis of surface run- -off.. ee a 


further indicates 


Nore.—Written are invited immediate publication; to insure publication, the last 
discussion should be submitted by January 15, 1940. eee 
-_ 1Instructor, Civ. Eng., Univ. of Michigan, Ann Arbor, Mich. 4 (The study was undertaken while the 
writer was employed by the Appalachian Forest Experiment Station.) __ ON are 


_ 2“Stream Flow from Rainfall by the Unit Hydrograph Method,” by L. K. Ouein: Engineering 
__ Approach to Determinate Stream Flow,” by Merrill M. ‘Bernard, Proceedings, Am Am. ‘Soe. E. 
Vol. 60, January, 1934, Pp. 
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‘The study is based on continuous records of run- -off taken 


They porn in area frome 4.24 acres to 1 876.7 a acres, po cover type, nang old- 
‘The first | part of the investigation | was devoted to the s selection of unit 

hy drographs and the preparation of distribution graphs on th he _twenty- two. 


‘Streams. 1 


records of the -water-sheds is Ww ith a consideration of the 


ed in the s selection. 


streams is as. Distribution graphs were derived from each of "the ter 


hydrographs, and the graphs from each stream were ‘superimposed up upon one 
— to permit the selection of a composite distribution graph for the stream. ¥ 
A detailed study was made of the rainfall that produced the unit hy drographs- 
for the y purpose of determ mining more re definitely the conditions that govern n the 
mz The second part of the work consists of some applications of the distribution 
_ graphs for the purpose of further testing the adequacy of the theory, and to 
indicate the value of the unit hydrograph as a ‘tool i in n the analysis of run- -off 


phenomena. ‘The composite distribution graphs v were analyzed for the p purpose — 
of between the of the graphs, 


with poor hydrographs | of run-off. ‘The pluviagraph studies led logically oe a 
consideration of surface run-off coefficients. Eg - Finally, a method is submitted for 


the use of the unit hydrograph principle as a practical method of of predicting 


continuously fer varying from ‘two to three Fifteen of 
tw enty- -two water- sheds are forested, two are hangs of all vegetation, and the 


is near the Bent Creek Ranechncntel Forest which is about 11 miles onthe of 
“Asheville, N. Cc. Four of these are re forested, and one is a mixture of forest and | 


adjoining agricultural land, whereas the c oles two are over-grazed pasture and A 
abandoned farm land. The location of Bent Creek and the other two experi- 

mental : areas is shown | in Fig. 1 data concerning all 


——. ore Forest Experiment Station, U. S. Forest Service, Department of Agriculture, Ashe- 
N. C. (see ‘ Bggineering Aspects of the on Streams,” by Richard A. 
“Hertaler, J Jun. Am. Soc. C. E 
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Characteristics the water-sheds. ihe distribution graphs Of three o1 
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a | separate experimental areas, the streams of each group being designated by the A 
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chestnut type; a high percentage of 
old- growth timber; ‘the forested areas were 
heavily settled and farmed prior to 1900; no 
large- scale lumbering operations have 
- undertaken on this area except for cutting and 
- clearing on the individual farms. Scattered 
areas were burned ffom time to to time, prior 
Forest; “two-thirds of the standing trees, 
cluding all non-commercial trees, were cut in _ 
the winter of 1930-1931; heavy skidding 
operations at that ‘time sreatly the 
ditterlayer, 
Bent ‘Creek 3 Over-grazed pasture and old fields; 


sheet erosion well advanced. 
Approximately 50% forested, and 50% culti- 
vated land and abandoned old fields. 
- Forest; second growth of the oak-chestnut type. 


Basin 1 


Basin 3 3 
No cover; top-soil completely removed and 
terrain deeply gullied. 
The primary vegetation of all the Coweeta water- 
sheds is second-growth forest of the oak-— 
chestnut type, with scattered areas (less than 
25% of the whole) of old-growth timber. - The 
entire area was lumbered commercially as s long ; 


— sohyeta! Lines 


_ Boundary of Southern 
Appalachian Mountains 
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TABLE 1—D Description OF Warer-Suzps IN REGION 


DISCHARGE, IN 
Cunic 
PER SECOND > 


| 
ELEVATION 
ABOVE SEA 
LEVEL 


poll 
DISCHARGE, IN 
=e 
PER SECOND 
Square 


PER SQUARE 


MILE 
7 be al 
water- 


shed 


Maxi- 


@ 


66.28 
37.12 


Mini- 


mum 


Weir 


jo 


‘Waren Sune 
21.88 
145.45 
1 876.7 57.76 


J 
1 787.9 a 67.58 


212.3 | 36.57 


2 080* 
2 020* 
2 050* 
‘| 2 350* 
2 400* 


41.5 | 0.075 
84.3 | 0.055, 
335.0 | 0.125 
38.2 0.189 
61.1 | 0.06 
68.3 | 0.23 
188.3 ‘ 


a 


1 632* 
1 635* 
1 528* 
1 554* 
1 695|| 
1719 


q 


10.18 
| 424) 
Right-angle, V-notch. 5-ft trapezoid. 12-ft trapezoid. § 120° V-r 3.5-ft trapezoid. 
-Coweeta Experimental Forest (see Table 1(b)) is about 15 miles south of 


Franklin, N. C., and 6 miles north of the e Georgia State | line. The two ) larger 


| 


soso 


120° V-notch. 


water-hede of this group (Stream No. 8 and Stream No. 9) include the entire 
_ experimental area. 7 — All of the others lie within the boundaries of these two. 
The entire area is covered with second- growth fc forest. 
‘The remaining six water-sheds are in the southeast corner of Tennessee, 
within or near the area known as the Copper Basin (see Table 1(c)). ‘This 
region derives its name from the copper-mining and smelting activities in 
Copperhill and Ducktown, Tenn., about which the area centers. Th 1e Copper 
oe by y a zone of grass- -land the area of which is 22 sq miles. ‘The denuda- 
tion was started by cutting the larger trees, but the principal damaging factor 
was the sulfur fumes resulting from the original open roast-heap method of 
mm _ The denuded area is deeply gullied and all top-soil is washed away. _ 
formation. Two ) water-sheds were gaged in each of these ‘wones. Two others 
Be Pxpenin of M easurement. —Stream flow was gaged by means of standard 
- _ sharp-crested weirs, , right- angle V-notch weirs being used on the smaller streams — 
a continuously by float gages. Each w weir was set socmmnely § in a concrete dam, 


Basin consists of approximately 8 sq miles of completely denuded land sur- 
‘The grass-land has. suffered from sheet ¢ erosion and i is in n early stages of gully 
are located just west of the Copper Basin i in| the Cherokee National Forest. 
and trapezoidal weirs on the larger ones. — Heads over the weirs were recorded 
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- which was was extended to sock bottom in all cases. i Stilling basins behind all the 
weirs were more than adequate t to satisfy requirements f for proper inden 
- of the jet and for - reducing the 1 velocity of approach to a negligible a 
‘The type of weir used in each case is indicated by footnotes in Table. — rae a 
Rainfall was measured by means of ‘standard 1 Weather Bureau rain ‘gages, 
with a smaller number of recording gay gages. There were twenty-seven standard 
a rain gages and five recording gages on the Bent Creek water-sheds, twenty-three 
- standard and six : recording gages on the Copper Basin water-sheds, and d sixty- 
standard and six recording gages on the -Coweeta water-sheds. 
7 sidering the total area of all the water-sheds, the average ¢ area per r rain gage 1 was ail 
thirty-seven acres. — The gages were arranged to give e the best possible sample, 
taking into. account aerial distribution, e levation, and aspect. The average 7 


precipitation was computed by the Thiessen method. 


THE PREPARATION OF UNIT Hyprocrapus GRAPHS» 
‘The principle underlying the unit hydrograph method may be stated briefly _ 
as Wve :° For any water-shed, the surface run-off resulting from a unit storm 
is distributed, according to time, in a characteristic n manner, and this distribu- _ 
tion is independent of the intensity of the rainfall. 
A unit storm is a rain of an intensity sufficient to produce surface run-off - 
which occurs within the period of rise of the hydrograph. The period of rise is 


the time from the beginning o of surface Tun- -off to the occurrence of peak discharge. 


ka Definitions. — Since the terminology ry that is applied to this phase c of hydrology — 
is not entirely uniform, the following terms are defined according to their usage _ 


inthispaper. 
i Surface Run- Off. —That portion of the precipitation which reaches the — 


Period of Surface Run-Off. —The time interveniag between the appearance appearance ~ 
of surface run-off at the gaging station and the time when all surface run-off — 
has passed the station. | The period of surface run-off is equal t to the period of 
- overland flow plus the time required for the rem remaining channel storage, derived i 
from overland flow, to pass the gaging station, 
Period ¢ of Rise—The time intervening between the beginning of surface run- 


off and the occurrence of the peak discharge. 


-% Infiltration 1 Capacity. —The maximum rate at rea eibike a given soi ‘soil, 1 when ina 


- Surface Run-Off Coefficient—The percentage of the total rainfall on a 
w rater-shed that appears at the gaging station as surface run-off. =| 
Unit Storm.—Isolated rainfall falling at an intensity greater than the 
infiltration capacity a and having a duration equal to or less than the period of 


‘Unit ‘Hydrograph.—A hydrograph | of surface run-off resulting from a unit 


Journal, New England Water Works Assoc., March, 1924, p. 26. 


Surface Run-off Phenomena, Part of the Hydrograph,”’ by Robert E. Horton, Publica 
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Distribution graph having a time base equal to that of unit, 
hydrograph from which it was derived and having ordinates that represent the 
percep of total surface run-off that occurs in certain selected equal time 
intervals. It provides a graphical representation of the characteristic ¢ distri. 
bution of surface run-off from a water-shed. 


Selection of the Unit Hydrographs. —The first. step in the. of the 
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STORM OF MAY 12, 1936; | storm oF sue 12, 
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graphs that at occurred at a time of low flow (see Fig. If graphs of 

this nature were available, those which w ere affected by y small rains before or 
after the main one were used. - In such a case the main graph was separated 

_ from its “parasite” after a careful study of the normal rising or receding sides of 
other surface run. -off | hydrographs from m the same stream. ‘eet 
This pr procedure wa was necessitated by a a lack of knowledge of the type of rains 

that would produce unit hydrographs. In the light of the knowledge gained 
from the work, it is possible to select the u unit storms from the rainfall records by — 
- selecting intense isolated rains, the duration of which was less than the e period of 
rise indicated by the area and nature of the water-shed. 2 The only advantage o of i 


selecting sei unit storms from aed rainfall records rather than from stream-flow 


— 

<< run-off records. The method was to select isol i g 
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, ee Separation of Surface Run- n-Off from Ground-W ater.—The second step in 
the preparation of the unit hydrographs was the separation of surface a 
from ground-water contribution. Under these ideal conditions (isolated storms — 
-oceurring at t times of low flow) this procedure became relatively simple. The 


-— separation was was made first a as indicated by Base Line o a, Fig. 2(a). Astudy of the 


base, such 2 as s Base “tod b, wa was more nearly correct. In thee case of Stream No. 1, 


Copper Basin, distribution graphs were prepared for both sets of base lines and 
it was found that the difference was small. An investigation of the e hydrographs © 


produced by rains of such intensities that no surface run-off 4 


First, the rate of depends upon the 
of the water-table at the shores of the stream. ~ Obviously, the ground-water 
elevations adjacent to the stream must rise more rapidly than the stream 
elevations | to cause the rate of ground- water inflow to increase during the 
course of surface run-off. This is true in the case of the small water-sheds- 
L under consideration, where the rainfall nearly al always covers the entire water- 
shed. It seems logical to assume that the maximum rate of ground- water 


“4 contribution (Point 2, Fig. 2(a)) will occur at a time after the elevation of 


Brae water in the stream has finished its rapid decline, while the adjacent ground-— 


4 when overland flow ends, and during that time when the surface run-off at oe 


seging stations consists only of channel. storage. 
+. _ Second, it is inconceivable that the ground-water discharge could vary in 
: erratic or jerky manner. — _ ‘Similarly, the effect, of channel storage cannot be 


a 


thought. of as s ending. abruptly. Ac It follows, therefore, that the line of separation 


“must bea smooth curve tangent to the actual hydrograph both where it leaves’ 
and w ‘here it 1 t rejoins 
feo continuous records of ground-water elevations were taken in conjunction 
Ww vith 1 records of water elevation i in the stream, ‘it would be possible to determine 
' - exact nature of this line of separation with considerable accuracy. 
het Although the preceding comment ea the conditions on small 


sheds. ’ ‘tom ever, in the latter « case, comma conditions may arise w hich require 


“special consideration. . For instance, it frequently happens: that ‘Tain occurs 
— only in the u 1e upper reaches of a water-shed and misses entirely the region where 
the gaging g station is situated. 7 - When the stream rises at such a s station, there 7 
7 must b be @ temporary 1 reversal i in the ground-water gradient and the ground. 
water er contribution could conceivably be negative efor a short interval. 7 Even i in 


this case , the e volume of ws water. required i in most water- r-sheds to build up up the 


: more, a . portion of the water flowing i in the stream is s ground- water contribution 


4 


water is still nearly at a maximum im elevation. — This point oc occurs near the time 


UNIT it 
4 
; water from surface run-off is in the nature of Base Line b. The following two ye 
| f 
| 
| 
— 
| 
a 
| 
% 
f 
f 
— 


| from the region in which the rain it bea very extreme case 
if this volume were not more than sufficient to supply the ‘deficiency i in the 


lower reaches. 2 It can safely be assumed that, in all cases, the line of separation 
- will have a minimum slope of zero and generally will slope u upward during the 
a On the basis of tests by the Appalachian Forest Experiment Station, thus. 
far, it may be stated with considerable assurance that the line of separation for 
- small water-sheds is a reverse curve of the nature of Base Line b, Fig. 2(a). The 
Tine i is quite definitely fi fixed by the two points « of tangency (Points 1 and and 3) and 
by the maximum ordinate (Point 2). 
: Generally, even in the case of storms producing overlapping unit hydro- 
- graphs, the point where surface run-off begins (such as Point 1, ‘Fig. . 2) is quite 


In the case of the shown, the point surface run- off ends 
(namely, Point 3) was selected because at this point the graph’ flattens out — 
‘Tather suddenly. Such a point is not always evident and its selection requires 
considerable judgment. Although this point cannot be chosen definitely, 1 the 
‘maximum time that surface run-off continued after the rainfall ended usually 
_may be selected with assurance, as for instance the time from the peak to 
Point 4, Fig. 2. This information becomes extremely important when applied — 
to complicated hydrographs resulting from a series of rains, in which instance — 
_ the selection of this point becomes much more d difficult. _ In cases of this nature, 
; ‘studied by the | writer, the lengths of base lines determined by ‘different per persons , 
have varied by as much as 100 per cent. . By utilizing the knowledge gnined 


from the unit hydrograph, this difference would be more of the order of | 


ov The high point i (such as s Point 2 2, Fig. 2(a)) probably occurs near the e end of 


verland flow, or - about half-way between the peak of the hydrograph and the 
end of surface run-off. _ Until more quantitative results are available, the | 
“height of this point must be a matter of judgment based on a study of the flow 


characteristics of the particular stream. 


Construction of the Distribution, Graphs. —Having separated 
water from surface ‘run-off, the unit. hydrographs are represented 
_ ordinates between the line o of separation and the actual hydrograph. _ The unit 
- hydrographs thus determined were then divided arbitrarily into time intervals, — 

and the average rate of surface run-off was determined for each interval. = 

These values were > totaled and the percentage of the total occurring during by 

> each of the periods ; was computed. | ~The resulting percentages are a numerical : 

_ representation of the distribution graphs. ' Time intervals varying from 2.5 min — 


to 30 min were used, the object being to the shape of 


depends o on time interval selected. If 7. 5-min intervals 
instead of 15-min intervals were chosen in a given n case, it is evident that the 
"percentages would be half as great. Therefore, for the purpose of comparison, 
all the distribution graphs were converted to a common t time interval. For 
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per cent. umerical of the composite distribution graphs are listed i in 
Characteristics of the Distribution | Graphs —An examination of the tw enty- 
| two sets of distribution graphs similar to Figs. 3 and 4 showed that there was a 
close agreement nt among the graphs in each group. Furthermore, for any: 
stream, the shapes. of the graphs were singularly individualistic. The adherence 
to the characteristic shape f for each of the streams appears to be much closer 

- than in the case of streams draining larger water-sheds. 7 

‘The rainfall varied considerably. Ww ithin the individual of graphs. 
For example (see Table 3), unit hydrographs selected for Coweeta 9 were 
produced by rains varying from 0.51. in. to 2.72 in., those of Coweeta 5 by 
rains varying from 0.35 in. to 1 .69 in., and those of Bent Creek 1 varied fr from 


actual peaks of the unit hydrographs also varied 
individual cluster. For instance, _ the peak discharges varied from 9 to 95 


— 
= 
Bia 
byselecting $$ 
| one of the individual graphs as representing an average, or by drawing an aver- 
| _age graph through the cluster and taking the percentages from it. Thelatter 
vit 
q 


‘Stream No. 1 


UNIT HYDROGRAPH 


per sec in the unit hydrographs used for Coweeta 9 and, in ‘the case case of B Bent 

Cun 3, the peak discharge varied from 1 -9 to 13.0 cu ft per sec - en. 
_ The duration of each of the rains used j in preparing the distribution graphs — 
and the period of rise for each stream are. given in Table -" The period of rise 


_ corresponds approximately to the time of concentration in the so-called rational 


formula. The latter is usually defined as the time 1 required after the 
of rainfall for run-off to reach the point of concentration from the most distant — : 


oo will show that the } peak discharge appears at approximately ‘the 
same time after surface run-off starts, regardless of the duration or magnitude 


TABLE BLE OF THE Rains THAT PRODUCED 


-Grapus To Fieures 3 AND 4 


of the rainfall. Nearly every set of graphs provides: illustrations of this. For 


ate orm* rainfall, rainfall, of rain- 


Stream No. 1; P = 22 
August 22, 1935 
July 1, 1936 September 20, 1938... 
July 2, 1936 1936 
July 20, 1936 
20, 1936 


Stream No. 6; 
23, 1935. . 
July 2, 1936 
_ Beptember 20, 1936.. 


a August 27, 1936 
September 1936 


on 


Stream No. 8 
June 7, 1936 


q 


No. 3; P =12min: 
2, 1936 

July 6, 1936 

July 23, 1936 
August 10, 1986 


Sous 


July 20, 1936. 


ASIN WaATER-SHED > 


‘Stream No.4;P =8min: 
June 8, 1935 March 25, 1935 
61 July 27, 1935 
August 17, 1935 
May 12, 1936 August 23, 1935 
Stream No. 2; P = 60 min: 


June 21, 1936. 
July 20, 1936 


August 10, 1936 


- Stream No. 3; P = 10 min: a 


3, 1935.. 
July 2, 1935 

of March’ 24, 1936 
10, 1936 


tream No. = min: 
| St No. 5; in: 
April 2, 1935. wae 
April 3, 1935 
July 29, 1935 
_ August ‘4, 1935 
Stream No. 6; P = 10 min: 
July 13, 1935 
July 29, 1935 
August 1935 
August 17, 1935.. 
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Duration Total |Duration 


rainfall, | of rain- rainfall, | of rain- 
| in | fall, in Date of storm ‘Bie fall, in 
inches inches | minutes 
| 


Date of storm* 


tream No. oe min: 


1936. 


Stream No. 8; P = 70 min: i 
11, 1935. . 
«July 25, 1935. 
July 26, 1935 
‘August 22, 


No. 9; P 75 min: 
July 12,'1936 


Be 24, 1936 


| 


July 12, 1936..... 
August 19, 1936 
August 24, 


Stream No. 4; rr = 25 min 

August 11, 1934 

May 11, 1935 

August 19, 1936. 

24, 1936. 

4 

Stream No. 5; P = 15 min: 4 
July 12, 1936.. 

13, 1936 

August 19, 1936 

24, 


> 
ooo 
- 45 


one 
ooo 
one 


onl 


August 28, 1936 
“ie No. 10; P = 60 min 


tom 


Stream No. 6; P = = 30 min: 
August 11, 1934 
July 12, 1936. 
August 19, 1936... 


5 instance, the period of rise for Stream 9, Coweeta (see Fig. 3), is 75 min. 
Four of the distribution graphs were produced | by tains lasting only from 20 — 
to 42 min . These graphs fall very well in . line with the one produced by a 
much heavier rain which fell during the entire 75 min. ~ On Coweeta 7, rains 
lasting 30 ) and 22: min , respectively, produced distribution graphs which coincide 
with those produced by: rains of 60- and 65-min | duration. — In contrast to these 
- shorter rains, about ten | of the r rains used d were of of a longer duration than the 
_ period of rise, although, in most cases, the major portion of the rain fell w vithin _ 

this period. © _ However, even in the | case of the rain of August 23, 1935, on 
Copper Basin 4 (which lasted five times as long as the period of rise) a definite 
peak occurred at the same time as those of the. other distribution raphe. 


This evidence ma ummarized as follows: | 
y be summarized as follo 


-) Any rain occurring i in a time equal to or less ee | the period of r rise 
will produce aunit hydrograph; 


; (2) A rain that lasts somewhat longer than the period of rise but with» 


decreasing intensity also produces a unit hydrograph; and, 


(3) There is a tendency for the period of rise to be enaiiected ¢ even if the | a 


e foregoing considerations help to trace the sequence of ireente that 
onstitute the process of surfac e run- -off. This process is believed be as 


— i 
| 
August 23, 1935...........| 0 0.79 | 30 
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‘Mite The first rainfall that occurs at a rate ns of the infiltration 

capacity: produces surface | storage. As rainfall continues the surface “water 
. begins to move down the slopes i in thin films and tinystreams. Surface tension 
and friction | play an important part. at this s stage. these minute | rivulets. 


‘increase i in volume, their becomes greater; but their path i is tortuous 


ome it. Upon its release, the seen 
again. Each time that two or more of these little streams combine, the water 
is further accelerated in its down-hill path. . i is the culmination of all these | 
small contributions into a final combined d accretion to the 1 main stream which 
produces the ultimate hydrograph. appears, therefore, that the period « of 
rise ‘no particular relation to the time required for water to reach. the 


- gaging station from the most remote part | of the water-shed, since the peak i is 
merely the result of the simultaneous release of the accumulated rainfall from 
the major portion of the water-shed. The rain that falls near the end of the 
- period begins its overland flow much more readily than that ‘falling earlier, 
since ‘it at a time all the surface have been filled and 

nimum -requi 
increases the total surface run-off but does not materially ower the isi 


required to complete the foregoing pr ocess. 


APPLICATIONS OF 1 THE | DIsTRIBUTION 


Ss It has — shown that unit hy ydrographs ex exist in, and may be isolated. 
‘ ‘en the discharge : records of small streams. A study of the natural phe- 
nomena involved in the formation of a unit hydrograph_ has thrown light on 
some phases of the process of surface run-off. In the following studies, the 
distribution graphs are _ utilized to test the value of ene hydrograph 

principle i in surface run-off analysis. — ae: 

Correlation of the Distribution Graph with Water-Shed Charesteriatics: —The 


variety 0 of and sizes of W ater-sheds Ww vhich the is based 


of the are a of judgment, ‘especially 


. a the widths of bases and the peak percentages. — . A change in the method of q 


separating base flow from storm flow might change, considerably, the total 
length of of the distribution graphs, although it would “not materially 
affect their general shape. Furthermore, in some of the streams, the records 


_ may not have been long enough to produce a a true unit hydrograph; however, as 
demonstrated later by the construction of pluviagraphs, the evidence is inv 
favor of their ‘adequacy. In view of the foregoing consideration, the correla- | 
tions were made to include as much information as possible. | None of te 
graphs contained “average curves.’ ” Th The only used were the com-— 


posite distribution graphs for each stream. 


Sam: For a comparison of peak discharge, the twenty-two composite distribution 


graphs were reduced to a 2.5- min basis. a peaks were then plotted in order 
of magnitude as shown i in Fig. 5. 
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‘That the peak pereentage varies to of the w -water-shed 
is quite obvious. © However, it is the manner in which the variation occurs | 
that is ; especially ‘interesting. - For instance, if the forested water-sheds of the 
Bent Creek, Coweeta, and Copper Basin areas considered separately, the 

4 "agreement between peak percentage and a area | ea becomes consistent. That is, 
from left to right on the graph the areas are constantly i increasing. This may - 
be noted by a careful study of Fig. 5; but it is more clearly indicated in Fig. 6, 
in which only the Coweeta streams are plotted. The greatest peaks for a given — 
area are found at Bent Creek—the smallest at Copper Basin and Coweeta. 
It is is ‘significant that the denuded and grassed areas have peaks: much higher 
than would be indicated by : the ‘general trend of the forested areas, j 

It is interesting to consider, specifically, some of the individual variations 
from the general trend. F or ‘instance, Bent Creek 8 is considerably out of its | 

4 place, considering | ‘merely ai area and peak. +f It has the largest area of any of 
the unforested -water-sheds, but has the second highest peak. It is possible 
_ that per is s due to the fact that this water-shed has nearly a a semi- scoped 


4 Lengths of Bases, in Minutes | 


‘the water-shed to contribute their run-off simultaneously wit with practically no 
; _ Water-shed 4 on Bent ‘Creek has approximately the position in the —<. 


abandoned farmland, and cut-over land. 
‘The peak percentage of Stream No. 2, Bent Creek, ii is s considerably, above - 
the trend of the other forested water-sheds. Two- thirds. of the. standing x trees : 
were cut from 1 this water-shed in 1930 and 1931, and skidding operations ¢ at 
that time were exceptionally heavy. Furthermore, drainage | from approxi- 
mately 100° yd of roadway discharged into the water-shed. Although the 
quantity | of water entering from this ‘source ) was not great, it entered i in the 
‘form of a small stream and followed a fairly narrow and well-defined course to 
the main stream, ‘discharging into it ata point | about 100 ft from the weir. 
‘This latter difficulty was eliminated in subsequent records to determine 
whether the high pam was due to the scarcity of vegetative | cover or to the 


q 


Fig. 7 ‘was prepared to show ‘in variation in the duration of run-off fora 
- storm, | as indicated by the lengths of bases of the distribution graphs. 
= 4 ‘The bases are plotted using the area, in acres, as the zero o ordinate ‘for each 


: graph. The types sof water-sheds a1 are indicated by the legend. As is to be 
exp 
the forested and unforested. areas: is isapparent. 


as stated are interesting and perhaps significant, the 
portant feature i is that there appears to be a general relationship between the 
dimensions of the distribution graph and the area, and a logical reason n for 
all the deviations. — If this is true, the value of of distribution graphs a as a } means 
7 of isolating the ar area factor i in the analysis of of surface r run- n-off ft phenomens becomes 
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Instead of using a uniform interval of 2.5 min as percentage basis i in ‘the: 


“foregoing analysis, it would have been possible, and might at first’ appear 
4 logical, to base the p percentage upon a constant portion, | say 10%, of the base — 
of ‘the distribution graphs. The effect of selecting the | proper length 0 of base . 
lines becomes much more pronounced when this method is used. instance, 
the peak percentages based on 2.5-min intervals are 4.0% for Base Line a 


Copper Basin4 


Coweeta 4 


Copper Basin 2 | 
Coweeta 7 


® 
= 
6 


! Fra. 7. —RELATION © OF Anzas TO BAsEs OF Disrarsurion 

4% for Base Line b, Fig. (a). E Based on an interval equal to 10% of the 
—_ of bases, the peak percentages are, respectively, 43.6% and 31.9 per cent. — = 
: ‘The difference i in the first case is 10% and in the latter case om — showing 


interval may be into rate of surface ‘run-off and has a real 
practical value, the comparisons were all based on such intervals. ss 
Application of the Pluviagraph.—T he pluviagraph i isa hydrograph of of 100% ; 
7 surface run-off prepared by distributing a rain or a series of rains according to 
the ordinates of the distribution graphs. It is assumed that each unit —_ 
produces a unit hydrograph, although « other subsequent or succeeding rains 
may produce overlapping graphs. Then, since a distribution | graph shows the 
successive periodic surface run-off contribution | of a unit hydrograph, each 
unit storm must contribute toe each time interval, after the beginning of rainfall, | 
a portion determined by the successive a of the distribution ty 


of surface run-off. 


__ Therefore, concent must be e applied to the 
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al The preparation of pluviagraphs has been adequately described elsewhere. 6 

The selection of the time interval into which the distribution graphs are divided 
be made arbitrarily. Lengthening the interval shortens the labor 
involve ed in computing the pluviagraph . The length is | limited, however, to 
‘such a unit of time as will give a smooth and correct curve. For. omunin, 

‘it was found that a 30- -min interval was too long to be applied to Stream No. 2, 

7 Copper Basin, with a water-shed area of 89 : acres, whereas a 15-min interval 
produced satisfactory results; 15-min intervals were also used for Stream No. 7, 
 Coweeta, which has a water-shed area of 145 acres. | In the case of Stream 
No. 3, Bent Creek, which drains an area of 10.84 acres, 5-min intervals were used. 
a The ‘division of the continuous precipitation into individual rains or unit. 


‘storms: requires considerable care and usually some experimentation. In 


general, the rain was divided according to changes in intensity. _ However 

if any rate of rainfall continued for too great a time, it was found necessary to 

_ break it up arbitrarily into parts, ‘especially if the rain was of low intensity. 

In the case of Copper Basin 2, and Cow eeta 7, a half-hour was found to be an 

adequate u unit of time irto which to break these rains. However, on Stream > 
No. 3, Bent Creek, much of the rain was broken down into” 5-min intervals. 
tt was found that the procedure became clarified after : several trials on each 

stream. ‘The rainfall records ‘must be- of such a a type | that the rain can be 

broken down, _ easily and accurately, into’ less than 5-min periods in order to 

apply this method successfully to very small water-sheds. 


3 ‘Fig. 8 shows two -pluviagraphs prepared for Stream No. 7, Coweeta, from 


These pluviagraphs would seem to be conclusive evidence that the unit hydro- 
graph principle may be applied to small water- sheds. aes 
Coefficients and Infiltration ‘Capacity. —In every 
-pluviagraph was prepared for a relative ely intense series of rains, during which 
ace run- -off was continuous, it was found wared the percentage of the rainfall 


Be it may be seen that the actual hydrograph is quite faithfully reproduced. ; 


the rain. This x may be observed in Ki ig. values are the 
pluviagraph data reduced by some constant percentage. The percentage 

- hovn for each | graph wa was such as to bring the pluviagraph into the region of 
3 the actual hydrograph. The percentage value used is : always too great at the 
- elaine: it becomes correct sometime during the course of the storm; 1; and 
the value is too small near the end of the storm . It is indicated, therefore, 
3 that the infiltration n capacity decreased during the course of the rain. _ Graphs 
such as these suggest that the pluviagraph | provides a means of onion the 

quantitative changes in infiltration capacity, or run- coefficient, during 

7 continuous rainfall, thus permitting a a correlation of these quantities | wi ith 


_" _ The correlations attempted in the following pages are based on quantity 
of rainfall a and do not epecifically take rainfall into account Although 


percentage that iene surface run-off, the intense rains are usually large 


SS and therefore, if the run-off ‘coefficient or ‘the infiltration capacity is 
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correlated with quantity of rainfall, the intensity will be - into account 

: ——- _ There are several reasons for leaving intensity “ “out of the picture. 1 

In the first place, the determination of mean rainfall intensity for a given 
‘Series 0 of Tains often leads to il distorted result, dependent upon how much of — 

_ the rain is taken into account. 7 Furthermore, it is difficult to include antecedent 
in a correlation involving intensity rather than quantity of rainfall, 

oe in order to determine, quantitatively, the variations in percentage run-off, 

4 & percentage which brought the pluviagraph into practical coincidence with 

the actual hydrograph was determined for each significant peak during the 

course of surface run-off. This was then related to the quantity of rainfall, 

which, according to the vntemeals, had had an opportunity to be converted 

to run- n-off the time when that coefficient wa was In Fig. 9, each 


ve rains during 


_which surface run-off was continuous. us. 
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im Four of such series are plotted for Stream No. 2 , Copper Basin, in Fig. 9(a) 

together with a number of points from individual rains. It will be s seen that " 

there is a definite relationship between accumulated rainfall and percentage 

of surface run- -off, despite the fact that rain intensity and previous saturation 

are not considered. It will be noted that points plotted for the storm of 

April 5 and 6, 1936, have higher percentages than for the preceding storm of 

| April 1 and 2, 1936. Undoubtedly, the first storm had an appreciable effect 

on the second one, and, if this could be taken into account, the two curves 

would probably come near to coinciding. _ As the study of soil moisture and 

‘its effect upon surface run~ off is | advanced, this ‘may become possible, but for 


“Fig. 9(b) is a similar graph for Stream No. 7, Coweeta. It will be seen 
that the trend is noticeably different: in this case. ‘The effe effect of 
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| saturation n noted for th for the two April storms ms may b be se seen again f for the s 


‘for Bent Creek 3, in n Fig. 9c). The > Series of storms occurring on 1 January 7, 
1935, is a good example of the r rising percentage o of surface run-off. At the 

— time Rain No. 1 occurred, 1.72 in. of rainfall had fallen. Since surface run-off 
was intermittent to this point, , the previous rainfall was not considered in 
a plotting the points. _ The intensity of rainfall was relatively low throughout — 
& this rain. The fact that these points lie in a lower percentage Tange than the 


= main n trend would indicate that intensities « of rainfall have a an important effect 


rains 3s occurring on 4 April 6, “1936. Rain No. 3 of this : series was a a much less 
intense shower than Nos. 1 and 2. 7 It may be seen from the oo“ that the. 


‘Connected Points Represent q 
a Series of Rains During _|_ Stream 7, Coweeta 
Which Surface Run- wae 

Wes Continuous | 


opper 


() STREAM NO. 3; 
BENT CREEK 


20 


tion as Surface Run-off 


‘RAINFALL AND PERCENTAGE OFF 


‘Thus far, no mention has been made of the length of time in n which : a build- 


in the coefficient is sustained after the end of surface run-off. In this 
f connection it is interesting to consider F Rain n No. 4 of the series just mentioned. 
In Fig. 9(c), Point 4b is plotted ‘according to accumulated rainfall, whereas 
‘Point 4a is plotted according to the rainfall that produced its run-off. JA 
‘value lying between these two would fall in line with the general trend. A 
e break in the continuity of surface run-off of 1 hr occurred between this rain 
i Rain No. 3. __Although Rain No. 4 was nearly e equal in amount and 


intensity to | Rain No. 3, the e percentage | of surface run-off is much smaller. 
‘Surface detention may account for some of this difference, but the following 
considerations indicate that its effect could not have been great: (1) The slope 
: e relatively great and erosion has advanced to such a stage on this water-shed © 
_ that actual detention in the form of puddles on the ground must be very slight; 


and (2) i in the several hours: intervening between the rains, the relative heiiior 
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remained at nearly 100%, so that — no evaporation occurred. There- 
fore, the quantity of rainfall previously i intercepted and held by the vegetation 
rs had not been depleted, and detention from this source may be practically 
3 eliminated. — ‘The conclusion may be dr drawn, then, that the infiltration capacity 
increased considerably. in the space re of ‘Lohr despite | the 1.60 in. of rainfall 
_— Another illustration i is furnished by the rains ns of September 5, 19: 36. Surface 
- run- -off resulting from these rains was interrupted for periods v varying from : a 
half to 1.5 hr between all of the rains except Nos. 4 and 5 Fe or illustration, 3 
Point 6b was plotted according to accumulated rainfall whereas Point. 6a was 
plotted | according to the actual rainfall. 7 - Since Point 6a falls into line with 


other it appears that the effect ‘upon infiltration capacity of the 


phy Five heavy rains occurring in the period from April 2 to o April ‘ 9, 1936, ons 
Cow eeta 7 are plotted individually i in Fig. 9(b). Breaks i in n the occurrence of 
surface run-off between the successive storms were 29, 28, 32, and 13 hr in 
duration, , respectively. — The amount of each rain is shown by the graph. vs tt 
may be seen that the points plotted individually fall quite well in line) with 
- =: general trend ,W hich indicates that these rather heavy rains had little or 
effect on the surface run-off coefficient of those following. 
The points ; plotted for each stream in . Figs. 9(a), 9(b), and 9(c) a are all co com- 
bined i in ‘Fig. 9(d). The definitely distinet tre trends of the points for the three 
- streams are evident, despite the limitations in n allowing for intensity of rainfall 
and previous saturation. If such a series were prepared for a sufficient number 
of streams » covering a wide enough range in area, cover ty pe, ‘slope, etc., the 
resulting information would be of value to the practicing engineer, as well as 


being an important step in the accumulation of a basic knowledge of surface [ 7 

7 = -off phenomena. — It would give the engineer definite limits between which [> 
. the coefficient could be expected to vary for a given type of water- shed. If 7 ° 


he» were then able to choose a ‘representative distribution graph, he could 
= far more e accurately than he could by the use of any empirical formula, i. 
the run-off to be expected from a a given quantity of of rainfall. _ es 
dial It will be noted that no attempt wa as made to separate winter ‘and summer. ; 
rains in the foregoing correlations. a A similar study on northern streams would | 
undoubtedly require such a separation. F urthermore, although the indications 
are that the effect of previous saturation on infiltration capacity is negligible. 
on these water-sheds, ‘it is likely that in other locations this effect may 


a The value of a series of investigations to determine run-off coefficients | 
4 under varying conditions cannot be: over- estimated. is extremely desirable 

that data collected from different sections of the United States be gathered 


and analyzed to show the effect of soil structure, topography, vegetative 


cover, ‘temperature, and other water- cdg and rainfall factors on the surface 
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THE Use or THE Unit HyproGRapH IN Frows 
‘The design of so many structures depends upon a knowledge of the maxi- 
‘mum rate » of r run-off to be expected from a water-shed that any ‘method that 
will give a more dependable determination of ‘this quantity must be of in- 
estimable value to the engineering profession. © The unit hydrograph method 


several advantages ov over other methods: usually employed for this 


peak p the entire hydrograph of 1 run- the peak may 
be determined for any desired time interval. provides sa flexibility 
— thati is not provided by any empirical formula. . Third, the quantities involved 
- in computation by this method have physical conceptions which are familiar — 
to the engineer. ON oO empirical formulas with vaguely defined constants are — 
“involved; the phy sical characteristics of the w ater-shed have a a straight- forward 
bearing on the computations. - Finally, the method lends itself easily to the 


experimental of tl the quantities Mag percentage of 


An outline of the procedure ‘that can be followed in estimating | the ‘flood 


Dd Lath OLLO 


flow from a water-shed for which no records are available follow 


(1) A complete. of the physical properties" 
must. be secured. 


nature of the ‘cover ‘te areas the 
a ‘underlying geologic structure may v vary radically from place to place, it is 


important to determine the depth and orientation of i impervious strata. 
Sa (2) Collect all the available stream-flow, rainfall, and water -shed data from 
similar drainage basins, preferably from the same region. 


a Study the physical dante: of these water-sheds in | relation 
to the shapes of their distribution graphs. Correlations in the nature of 
those illustrated in Figs. 5, 6, and 7 would reveal the desired information. 

_ Determine the position of the water-shed in question with respect to those 
used i in the correlation as defined by the phy punons properties of the water- 
shed. ‘The shape of its distribution graph is thus also defined within 
reasonable limits. 

Determine the range of variation of run- -off -coeflicients The 
‘accumulation of all the available data in g graphical form as s illustrated i in 
«Rig. 9(d) would show the variations of this coefficient with rainfall and 


ould permit the selection ofamaximum value. | 


(3) Determine the m maximum storm that | has ‘occurred in the region which 
"might reasonably be expected to oceur on the water-shed being studied. 
-Transpose this rainfall upon the water-shed and compute the volume of water 
applied to the water-shed. 
a (4) ‘The portion of this volume that will appear as surface run-off may be 
computed by applying the coefficient determined in Item (26). The hydro- 
graph: of surface run-off may now be e constructed by apportioning this quantity 


iia to the figures of the distribution graph selected in Item (2a). a 
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Where flood estimates are to be made on water-shed for which some 

records are available, the results n may be obtained i in a ‘similar manner petit 


— end mass of such data has been collected in the United . 
but its ts usefulness is limited until it is brought together and | analyzed i in a 


systematic 1 manner. er. Furthermore, for very, small water-sheds, average daily 


It is necessary that records on such streams: (and 


rainfall records) be continuous, and that they be available as such to pes ermit 


A ‘two small streams anda a a study of their relation to. o the corresponding ‘rainfall: 
_ and water-shed characteristics have served to reveal some of the natural | 
: phenomena involved in the process of surface run-off as well as to’ point | 
the usefulness of the unit hydrograph ae in flood- flow prediction. The 


Unit hydrogeephs are produced on n small streams and may be readily 


(2) = ground-water ¢ contribution may be separated from the ‘surface 


rains; 


water contribution from parame run-off ans case of a complex hydrograph 


produced by a series of —— 


et (4) Any rain that is sufficiently intense to produce surface run-off will 
4 produce a unit hydrograph if its duration is equal to, or less than, the period 


graphs and the characteristics; 
ae (7) The reproduction of known flood hydrographs by the use of the pluvis- a 


infiltration capacity o1 on a water-shed throughout the pied 4 of surface run- -off; 


The unit hydrograph principle a sound method 
of predicting su surface run-off. 


The study has indicated certain lines of investigation that should | be 
conducted t to ‘strengthen some en of the unit it hydrograph principle and 


iZ: 
to 
we in 
the foregoing procedure, 
a it is evident that the determination of the maximum flood becomes more i 
— 
m: 
ch 
bes 
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to provide a a background of experimental data upon which to io base its application © 
in flood- flow prediction. The studies which it is believed would be most | 


(a) An on examination of the veslations in suream levels sand adjacent 


Ww -water-table levels during the course of surface run-off to provide a dependable 
basis for se separating ground- water flow from surface Tun- -off. An exhaustive 


4 study on only a few water-sheds would. provide data w upon which to base the 

separation in other cases. 

(0) A study to determine whether a composite or average depletion curve 

_ may be used to estimate a hydrograph of run-off during intervals between rains. 
(c) An investigation to determine the influence of ‘rainfall and water-shed — 


characteristics off coefficients. (Such a study should attempt 


of the water-shed, vegetative ¢ cover, , cultivation, air ‘temperature, duration and 


intensity of rainfall, antecedent’ rainfall, ‘ete. The results would provide a a 
basis for estimating the coefficients in cases where ho discharge or rainfall 


records are available, ‘and w ould indicate how changes « on the surface of the 


water-shed would influence run-off.) 


—@ ‘The Preparation : and systematic analysi sis s of distribution graphs from a 
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AN SOCIETY OF CIVIL ENGINEERS © 


PAPERS 


DEVELOPMENT. OF THE COLORADO— RIVER 
BASIN 


the its s tributaries i in n 


general way, ‘this its t ‘the and of ws 


features with the basin and the effect of the River Com- 
pact and and the Boulder Canyo on Project Act o on the use of water. | W ater supply 


| for: the u upper er basin, after agreements between the States s concerned a are satisfied, 
| 


- is shown to be so somew hat less than had been anticipated by some. 


Conditions favoring and limiting future extension of irrigation in the upper © 

—_— are described. bed. Additional irr irrigation projects of the normal type will be 


| = built; other projects, primarily to ) aid the liv estock industry of the Tegion n by 
‘oem irrigation of meadows and feed ‘crops, are held to be desirable: and, the 


| 


large diversion projects conveying water outside the water-shed of the Colo- 


_ tado River for irrigation, power, inated, and municipal purposes are shown > 


to be highly important in the general plan of upper-basin development. . The 
- hydro- ‘power resources, ‘the réle to be taken by p power generation in water 
‘development, and the relations between the use of water of the u upper yper basin 
i 
and the e social, economic, and industrial growth of the basin and near- by 
-Tegions, are discussed. ‘The paper includes an appendix containing data on 
“the irrigable areas of the upper basin and an analy: sis of the flow of the Colorado 
River at Lee’ s Ferry “(where | division i is made between upper at and lower basins) © 
eed the ‘signing of the Compact, which is believed particularly significant as as 


it ha ndles flow during the period of of low vest river flow. 


Lee’s. is on yn the Colorado River c of the et, in 
- immediately below ‘the State line between Utah and Arizona (see Fig 1). The 


— 
 Norge.—Presented at the meeting of the Irrigation Div., Salt Lake City, Utah, July 21, 1938. W Fie 
ten comments are invited for immediate publication; to insure publication the last discussion should be 
Submitted before January 15,1940, 


Associate Prof., Civ. Eng., Univ. of Utah, Salt Utah. 
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United States. It includes within its water- shed a varied topography of well- 
watered mountain heights, delightfully green mountain valleys and stream 
canyons, flat mesas, | barren deserts, and profound box canyons - Adjacent to 
the basin, ‘and just | over we the monntela | crests on both the east and the west 
sides, are areas somewhat lower in elevation, having rich soil and more equable 


. climate, and containing some of the most populous agricultural and industrial 
f the weste terior, 
areas, of the western interi 


Localities within the upper basin and near-by | are noted for t their mineral 
wealth, and the region will continue for a long time to p produce large quantities 
of non-ferrous and ferrous metals, coal, oil, natural gas, and a large variety of 
_ other non- metallic and rare minerals, The principal industries are stock 
raising, farming, mining and treating minerals, and the distribution of com. 
 modities | produced e' elsewhere. The upper basin of the Colorado River is 
104 000: sq miles in area and lies partly i in each of the States of Utah, Colorado, 
Wyoming, and New Mexico. . It is one twenty-ninth 1 the area of — 
United States and hence nearly twice the area of an average State. — It is well | 
supplied with railroads and highways but is only sparsely populated. be 
er The mountain rims of the upper basin and other mountains lying within : | 
receive a , high rate e of precipitation « and from this small part of its area, flows 
g nearly 80% of the entire water supply of the Colorado River ‘Basin, one thir- 
teenth of the area of the United States. ‘These mountains support no farming 7 
or agriculture other than o open grazing because of the extremely short growing 
season. All other lands in the basin » With the exception of limited acreages 
- of “dry-farm” wheat fields, are « deficient in rainfall and must be. irrigated to 
produce c1 crops. Much of the 2 area 0 of the upper basin lies at the foot of the 
_ mountains | and is itself high i in elevation (more than 6 000 ft). It comprises 
broad plains, valleys, and mesas, the growing season of which is short. | Agri- 
7 culture i is limited largely to the r raising of livestock and tl the irrigation of feed 
crops. Lower parts of the upper basin, in s southeastern Utah and a adjacent 
- parts of Colorado, have suffered deep erosion in recent geologic times and are 


south. The basin comprises the of 80 proportions in the 


a jumble of box canyons ae desert mesas and plateaus which, in some places, | 
are almost devoid of soil. | Irrigated lands are limited to favorably dispose | 
4 positions in stream am valleys. 


IRRIGATION ‘Dev ELOPMENT 


Ae 

Irrigation development of the upper basin began early (Ww liam H. Ashley? 
4 and his trappers entered the Uinta Basin in 1824) and has proceeded in the 
manner "typical of western irrigation. At the beginning ditches were 
ations of individuals. These were fol- 


of Utah,"by Bancroft, 


aa 3 _ area drained by this river and its tributaries up stream from the old ferry site , 
- is known as the upper basin. It is an extensive shallow basin “funnelling” se 
a to its river outlet, rimmed on the east by the crest of the Rocky Mountain ‘" 
ae. -. Cordilleran and to the west by the somewhat lower crests of the Wasatch a 
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lowed by larger projects built by companies and, co- operatively, by users: 
and, finally, it 1 was followed by those constructed by the United States Bureau 
of Reclamation under increasingly lenient financial terms. Dev elopment has 
q proceeded steadily, but in recent decades developers io encountered the 
need for more thorough planning of projected irrigation works, the necessity 
of dealing with projects of larger scale and complication, of being satisfied — 


with serving ine | leas advantageously situated -Tespect to the water 
s time hes 
- proeesed, there has come a ‘8 realization that the few million a acre- feet of | Ww = 
coursing down the e streams of the basin are a vital economic factor of the 
region and, because of their meagerness, must be carefully conserved. _ 
"Agricultural production of the upper basin is generally not competitive 
with that elsewhere in the United States. It is small in -comparison—much | 
of it is consumed locally, and t the remainder is mainly supplementary to 


national agriculture as represented by the livestock and the specialized irri- 
4 Before 1922 a demand | for r the use of more water of of the Colorado River in 
the lower basin and for the construction of a large dam and reservoir to | permit 
: ‘tie use and to provide flood rotection for the irrigated valleys of the Colorado 
p p for 
Delta and electricity and water for Los Angeles, Calif., led to negotiations 


between representatives | of all States of the basin which culminated in the 


> 


=] 


ante e 
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Colorado River Compact signed in November, 1922. The Compact was sup- 
plemented and approved conditionally by the Boulder Canyon Project Act of 
December, 1928. — _ Under tl the terms of the Act the Compact became effective | 
as s sagneila all States concerned, except Arizona (which refused to ratify the 
: compact) in June, 1929, six months after the Act was signed. 5 California was 
required, by the the Act, to accept / the provision: that no more than 4 200 000 
acre-ft, plus one one-half the surplus which n might later be allotted to the lower 
~ basin, would be consumed in the State. _ The Compact reserv ved for the upper 
basin consumptive use of 7 500 000 acre-ft of water per yr but subjected this 
to an obligation which takes precedence; namely, that in any 10-yr period a 
oe total of 75 000 000 acre-ft of water are to be permitted to flow from the > upper 
basin» past Lee’s Ferry gaging station for the benefit of the lower basin. Fur- | 
= provisions are that no ¥ net “which cannot Teasonably be applied to. 
4 domestic and agricultural u: uses” is ‘to be withheld in the 1 upper basin and that 


oO 
C2 


_any water which may be rented to Mexico shall be supplied first from the | 
surplus flow of the river in excess of the / amounts allotted to the upper and 
lower basins; or, in the event that this surplus is insufficient to meet the ‘Mexi- 


basin allotments. ‘The Compact is a comparatively simple document intended 


& grant, the deficiency i is to be: supplied half from each of the u upper and lower a 
‘permit lower- basin to proceed and to preserve sufficient water 


document. 
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It “sets aside” questions of priority of appropriation as between the upper and 
a lower basins. Assuming good faith by all parties, the Compact may well “— 
| every one. It is an equitable 
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aa the Boulder Canyon Project Act no work was undertaken; nor was 
any immediate benefit in n the nature of construction intended |, to the ‘upper 


developments throughout the entire basin. The Act set aside ‘Teceipts from 
“the use of works to be constructed under it after r repayment to the Government _ 
of all costs of these is completed, in a fund which presumably would be | de- 

voted, at the direction of Congress, to further construction in the basin and — 
partly i in the upp upper basin. T hrough the construction of the storage reservoir 


s Hoover Dam, the ‘Act was intended to remove the possibility that litigation 


_ would interfere with, or prevent, further developments in the upper basin y 


APPRAISAL OF ‘Past EXPERIENCE 


Sixteen years” have now (1939) elapsed since the signing of the Compact 
- and ten years since the passage of the Boulder Canyon Project Act; and it is 
a importance to upper-basin development to know what light and fruition 
intervening years have brought to the terms and intentions of these notable 
documents. ' Since 1922 m many more discharge measurements of the Colorado 
River have ve been made and earlier ¢ discharge records corrected. _ Furthermore, 
the most severe drought period known. has occurred, from which recovery is" 
being made only during the present year. A review of the discharge of the 
Colorado River at Lee’s Ferry since 1922 discloses an average measured dis- 
charge of 12 750 000 acre-ft per yr. _ To this may be added an “average » esti- 
mated upper-ba: -basin depletion of 2 180 00 000 acre- ft per yr, totaling 14 930 000 
acre-{t per yt, which - is an amount on the : average for the seventeen years, 
1922-1939, ‘slightly less than sufficient to meet the Compact provision of 
7 500 000 acre-ft per yr to each of the two divisions of | the river basin. These 
iiasalas be compared with an average, all- time, reconstructed flow of about 
17 000 000 acre-ft per yr believed to be the yield of f the riv river system above 
Lee’ Ferry when the Compact was drawn. The low average discharge since 
1922 would have the effect of reducing t the all- time average to date by a small 
amount. _ For the last ten years of record (1929-1939), the values correspond. 
ing to those given are 11 720000, 2110000, and 13 830000 acre-ft per yr, 
respectively. — - oo obtain the total quantity of water available for use from the 
Colorado River and its tributaries in both the up upper and lower basins, after 
the terms of the Compact ar are applied, adjustments f for gains and losses in the 
lower r river ‘must be mam and : a | deduetion taken for water ee to » Mexico. 


_ that title to water there established by treaty need be recognized and no o treaty 
exists. ’ The: present use of water from the Colorado River in Mexico i is about. 
1000 000 acre- -ft per yr. 
oA further study of the Lee’s ‘Ferry discharge shows that at the end of the 
q “é year, September | 30 , 1937, there would have been a deficiency in the 
-10-yr cumulative amounts (which h the Compact specifies must be not t less than 


75.000 000. acre-ft for ai any 10-yr period) of 5.5 million acre-ft if use of water 
in the basin had Teached the proportions requiring 7 600 000 acre- 
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per yr ‘in a year of normal stream discharge (whi (which 
less in drought years) and in the absence of large, long-carry- over 
storage in the upper basin available to supplement stream discharge. Fur- 
thermore, even if the discharge of the river increases and remains above 
average during the ensuing years beginning with 1939, the ‘deficiency in the 
10-yr cumulative discharge will increase to perhaps ¢ the end of the water year 
of 1939 when it will possibly be 10 000 000 acre-ft. It is not likely that this 
10-yr amount would again reach the 75 000 000 limit until well into the 1940's, 8, 
barring continuously and phenomenally high discharge of the river. — a. 


; ; ‘Other studies of discharge show that in the ten years just passed an average _ 


of 5 800 000 acre- ft per yr would be available for or upper-basin | use from direct 
stream flow had the upper basin been us using all available to it under the et 
pact, with adherence to the 10-yr cumulative provision included but without — 
being obliged to share i in an allowance of water to Mexico (see Column (12), 


Table 2 in the , Appendix). Considerable storage would be required o on ol 
tributaries of the 1 river to “equalize this average: flow, throughout the 10 “yr 


upper | basin under the conditions specified ¢ could be ‘increased appreciably it 
large carry-c ~over storage on the tributaries or ‘the main river in the upper basin © 
was available to assist in -supplyi ing 10-yr cumulative: demands of the lower 
_— studies also show that an average of 6 700 000 acre-ft per yr during 
the ten years, 1929-1939, would be available from direct stream flow at the out- 
let of Hoover Dam under the foregoing conditions (see Column (14), Table 2). 
The equalization of this flow could take place in Lake Mead. _ This flow, plus” 


allowable cumulative of Lake Mead throughout the drought period, 


one-half of any water granted to Mexico. A study has been made of the 

depletion of Lake Mead governed by the presumption that all | requirements 

of the lower river will be met by | a discharge. of 7.5 million acre-ft per yr of 

water r from Hoover Dam. _ The result is a maximum cumulative — of 

20.0 million acre-ft in 1936 (see Column (16), Table 2). epiegeyese — 

_ Records are insufficient to show how frequently drought periods such as 

the one of the ten years, 1929-1939, will be repeated. Indications are that 

four droughts of considerable severity have been experienced in the 

Construction 0 of projects in the lower basin, provided for ™ the Boulder 
- Canyon Project ‘Act, has progressed rapidly and major items are (in 1939) i 

_ substantially completed. — Other, smaller, related projects have been author- 

ized for the lower basin. ‘The following has } particular importance: Projects” 

or divisions of projects in . the lower basin which will draw their water supply 


from the main » Colorado River. are those (a) which are now (1939) fully planned; a 
(b) for which money has been provided at least in part; and (c) upon “ae 


co 


: “construction has begun or is about to begin. _ When 90% developed, they 
will re require (together with projects” at present (1939) operating) ‘an 


1929-1939, to ‘the lower basin. under ‘the terms of the Colorado R River 


fre 
— 
— 
7 
J 
= 4 
— 
— 
f 
— 
— 
q 
4 
— 
q 
— 

io 


from the — of the ‘iver. — The eventual needs o of these, projects are estimated — 
: herein at 6 200 000 acre-ft per per yr, requiring ng the delivery y at Hoover Dam o: of _ 
7 000 000 acre-ft per yr with the average direct stream flow available at the 7 “ . 
_ outlet of the dam of 6 700 000 acre-ft per yr. If this demand is increased and 4 
particularly if it is burdened further with on ebdihienal grant of water for 
Mexican la: lands, Lake Me Mead will be seriously depleted in series of 
_ years such as those through which the United States has just passed and under 
the conditions of river development which have been assumed. ae 
- However, a number of years will elapse before the lower- basin projects 
will need their full ‘quantity of water. This time has been advanced due to 
conditions growing out of the years of depression through which the nation has 


been passing and by failure to realize earlier anticipations. ‘Lake Mead | 
— June 1939, rose for the first time to the spillway level el. 


Arprats AL OF RENDS 
consequences upon future use of water in the upper basin of the 
Compact,, Boulder Dam Act, deficient stream flow, and accomplished and 


‘planned construction on the river may be briefly summarized as follows: (1) 
zz estimates of surplus, unallotted water a1 are shown to be i in error; ; (2) 2 any 


= has begun i in 1 the lower basin , will require > the appropriation of water 

which it has been presumed has been reserved for upper- -basin use; (3) the small, 

aid that upper-basin development expected to receive from 
“pay monte made | to the Boulder Dam Fund | by us users of power and water is of 
doubtful maturity; (4) large st storage volume upon the upper tributaries will be 
desirable for river regulation before final development i is attained; (5) for a 
number of years large quantities of surplus water will flow into or through 
. Mexico and will be available in part for use there with the possibility (according - 
to the views of so1 some) that use there will follow and finally that rights w will be 

granted | by treaty, with resulting ultimate detriment to the ) upper basin and 
-perhaps | to the lower basin. In pursuance of this condition an amicable agree- 

_ ment with Mexico should * made, if possible, protecting the water for United - 
‘States use; Or, failing this, a system for regulating t the river should be adopted © 
which will further irrigation development i in Mexico impossible through 
the resulting river regimen. . The | last may require | the construction of ad- 7 


ih elopment at Hoover Dam; but it is believed entirely feasible. 


= acre. . of water in years of plentiful water supply, or a total of 2 250 000 : 


- acre-ft. About 130 000 0 additional acre- -ft have | been diverted | each normal l year 
from. the basin. ~ Estimates s of the additional area’ which, , eventually, r, can be 
irrigated | have been made and total about 2 2 500 000 acres; but these estimates 
are open to question, and studies are in ‘progress, principally by the U. S. 


Bureau of Reclamation, to define, more accurately, the arable, and perhaps: 
potentially -irrigable, “acreage. e. The results of recent surveys for” the e area 
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COL 
drained by the Upper Colorado River i in the State of Colorado (excluding the | 
tributaries of the Gunnison and Dolores Rivers) have been made public and 
"may be compared with : an earlier estimate of potentially irrigable area in — 
basin of 290 000 acres. ‘The recent ; survey gives the arable land in this s¢ same 
_ basin as 122 830 acres, less than half of the: 290 000 acres (see comment. on 
- _ Table 3, in the Appendix). it is said, however, that the 122 830-acre re estimate 
intentionally omits some land irrigable for meadow. . ‘Perhaps a similar reduc- 
= psig will be indicated for o other subdivi isions of the upper basin; but even these - 


recent, more careful, surveys »ys do not vouch for the general e economy and feasi- 
bility of of irrigating all the arable area which they disclose, nor for the adequacy — 
water supply available to each area. 7 Therefore, it remains “uncertain 
how much of the 2 500 000 acres of upper- -basin land, reported earlier as suitable 


irrigation, will be irrigated. 


By definition, the ' Colorado River Compact makes any area supplied with 

— from the river or its tributaries a part of the river | basin even if it may lie 

without the ¥ water-shed ‘(although this tacitly a) applies s only to the signatory 

‘States and does not authorize nor encourage diversion of Cc clorado River basin 


tended that water of the r river system should be used either w ithin or or without 

_ upper bale: for use on adjoining areas is now a flonase 1g an importance greater 

fe was contemplated. — 7 The Colorado- -Big T hompson Project is an object. 

lesson to those whose > engineering vision is restricted. A few years ago, this 
diversion (which will cost $44 000 000) was s seriously ‘considered only by a few 

of the most comprehending engineers. _ Others deemed the possibility of the 

undertaking ; as remote. The soundness of. great diversions from the basin is 

7 due to the presence of highly developed agricultural, urban, and industrial 

areas just « outside the basin which, although separated by mountain rims from 

, the basin, are lower in elevation than much of the basin area. ‘~ ‘Hence, they 

have longer growing : seasons and also possess abundant, highly productive soils, 


opportunities for the « consumption of large quantities of electric power, and 
in general offer situations in which water supply has the best opportunity | e 
stimulate an advanced economic and social development. arres 

On the east side of the u upper | basin, in 1 Colorado, twelve trans-mountain 

diversions h: have been operated for a number of years. - The most important of 

these is the Grand River Ditch crossing the continental divide west of Ft. 
Collins, Colo. Only one i is a tunnel, the Busk-Ivanhoe, west of Leadville, 

Colo., which makes opportune use of an abandoned railroad tunnel, shared 
with a highway. — These diversions are said to have a normal aggregate. capacity ; 
of 46 000 a acre-ft per yr. . The Moffat W ater Tunnel ‘Diversion was placed in in 


operation in 1937. This ; structure is for the benefit of the e City of Denver, 


at t the head of Clear Creek west of Idaho dia Colo., for the City of hon 
has a capacity. of 20 000 acre-ft per yr. This water is wall to boost the low- 
water discharge of the South Platte River in the vicinity of | Denver to avoid 
excessive pollution of this stream by the effluent from the Denver Sewage 


Treatment Works. _ «After this use, it it serves for irrigation and, when not re- 
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— 1938, is the Independence Pass (or T T “win Lakes) which brings" 48 000 acre- ft 
per yr ‘into the head-waters of Arkansas River southwe est of Leadville. =. The 
most pretentious « diversion project that has reached the construction stage is 
— the aforementioned Big Thompson project. It has. many features and will, 
divert 300 000 acre-ft of water beneath Rocky Mountain National Park for 
- ie -spread benefit of the irrigated area of north- central Colorado. P Power 
ieee from the falling water on the east side of the mountains is an important 


Besides the trans- which have been noted, more 
om others situated throughout the length of the crest of the Rocky Mountains 
Ss in Colorado and dipping into New Mexico have been studied. ‘Several studies 
have included field surv eys and hydrography. - Some of the projects are large. 
a oF Along the west rim of the upper | basin, in Utah, nine diversions across the | 
water-shed have been operated for several years. Muchr more important than 
the others is the Strawberry Tunnel which transports about 50 000 to 70 000 — 
= -ft per yr into the Utah V alley. In 1938, two, 1-mile diversion tunnels 


built east of Spring City and Mount Pleasant ,U tah, to transport. 4000 
acre-f ft. into the San Pitch V alley.’ These supersede two of the small 
earlier diversions. The Deer project includes, as one of its features, a 
_§.5-mile tunnel to divert 32 000 acre-ft from the Duchesne River to the head — 


oft the Provo River, 35 east of Park k City, More than eight ot q 


or nN 


= W eget Investigations of two alternate plans including field surveys" 
have been made by Mr. Ralf R. Woolley of the U.S. Geological Survey. A 
project of even greater magnitude has been studied by Mr. Kenneth Borg. 
_ This project 1 would transport water from the Green River south | of the Uinta 
Mountains and deliver it for use in the Salt Lake and ape ny 8. . 
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upper basin where special crops fruits grow luxuriantly. 7 ‘The 
is of such high quality that it is. possible to overcome the handicap of remoteness 
; and command a premium for it on national markets. L ocalities of this nature 
deserve | expansion. — Other localities, - particularly the stream valleys at high 
elevations situated close to mountain oul high plateau livestock ranges, support 
a productive livestock industry. ] It is said about half the feed for livestock i in 


these areas ‘comes from the r: ranges ‘and half from ‘cultivated fields. estern 


ekill ‘whe spent their lives in this cooupation. W hen properly 
. a ‘eeanined and managed, individual units may be very profitable; and extension 
m1 of irrigation for the benefit of this industry, even at a cost that seems somewhat 

- out of proportion to the low current prices for hay crops, , is justified . Since 

_ 1936 the open ra range has been under close segenntoom; its use has been curtailed 
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and made permissive in | order to preserve its feeding « capacity. Furthermore, 
use of the range has been made conditional upon the possession n of commensur. } 
able property from which feed may be produced | to supplement, to an extent 


range. In this manner additional irrigated land for the production of livestock 
1% Developed water “power in the upper basin of the Colorado River r totals 
= 50 000 installed horsepower; and nearly" all of it is along the Upper 
Colorado River in the State of Colorado where power-plants are within trans-— 
7 mission distance of the Denver area. — ? It is estimated that the upper basin can * 
ie 2 000 000 primary horsepower wit with a regulated stream flow. Power 
sites on the Green River and main channel of the Colorado River, Pe ‘their 
courses between Green River, Wyoming, and Lee’s Ferry, are capable of pro 
= the bulk of this is output. — Several gigantic dams would be required and 
the p power would necessarily be made available in large blocks, with large initial \ 
investments ts being: required. . The power that can be developed will be lessened - 
by future up-stream depletion due to irrigation n development and the diversion M 
of water from the basin. _ Proposals to place long reaches of the river and ad- 
joining | lands in national parks constitute a threat to the development for 
7 power and perhaps other p purposes of the Green and Colorado 1 rivers, in Utah- 
Za necessity, or desirability, of making park | reservations of these lands may : 
be seriously questioned. Although they ‘constitute scenic features of great 
‘importance and magnitude, and although money should be spent to provide — 
fae of access and travel, the natural scenery is 3s not of a nature that it can — 
be marred appreciably by such unrestricted human habitation and use as it is 
— ‘ikely to undergo. Rather the few ranches, prospectors and nomad Indians 
_ who inhabit the country, add much to its picturesqueness. _ Dams: and conduits _ = 
that may be built will be only tiny spots in a vast wilderness | of canyons and — 
‘Plateaus, largely of of bare s sandstone and shale. The f few individual features 
‘requiring protection can be individually reserved without laying the “heavy 
hand” of park reservation over the entire area. 
Conezustons 


- Conditions which will justify the doedemmens of the large power sites are 
unforeseen at present. T wo possibilities are the construction of major dams 
for river control with the generation of power as a by- product, for sale ata 


price si sO as to attract, to the vicinity, industries i in which the cost of power 


This paper shows the development of River 
"basin to be varied and complex. Units in this development may | be approxi- — 
‘mately grouped into: (1) Normal irrigation e enterprises for assorted farming 
products; (2) irrigation of lands to produce li livestock feed and meadow; and 


a (3) the diversion projects. T his classification i is mainly ar an economic on one. ail 


~~ any of those to be undertaken i in ‘the n the future) will furnish additional water to 
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(a 
projects already operating. For some operating ‘projects stored water is 
needed for late-season use when stream flow is normally low. Other operating 
projects « exhibit the habits, not uncommonly displayed by western irrigation — 
projects, , of having a water supply that was initially over-estimated and reel 


adequate supply of water | is : available; and under these conditions : a prea 
mentary y supply of water is needed. 7 la general, projects for | supplying ‘supple- _ 
mentary water where this is needed are regarded as particularly desirable 

because a small increment of investment commonly produces a a relatively large 


increment of utility or return, 


‘The proposed large diversions from the basin are especially | complex and 
the objects of particular engineering interest. Each includes a number of 
features such as: Collecting works; dams for diversion; ‘Storage reservoirs (for 
(a) water diverted, (b) water to supply deficiencies in lower reaches of the stream 
_ from which the diversion i is made, and (c) to redistribute water near the points - 
oft use) ; pumping plants; electric generating stations; transmission lines; long * 
tunnels; and, the more usual conduits and water control structures. es. The 
variety of purposes served by these projects s includes irrigation supply, water for a 
industrial and varied municipal purposes, improvement of recreational features, 
and the generation of power. With some projects should be included the = 


functions of drainage, protection of land from torrential floods, and Tecovery of 7 


seepage, waste and return flow from low streams, drains or lakes. , Some: may 
serve t the > supplemental purpose | of ' transporting power in the form « of f flowing 


= 


is: is an. accepted fact that power generation is to play an important réle 
‘in water development in the West. This is true in the upper | basin of the 
Colorado River both for the | projects within the basin and for the large diver- 
sions fr from the basin. Power generating stations, transmission lines, and 
_ pumps, free the energy gradient of the combined stream from many topo- 

. graphic limitations which would have to be met if water conduits alone were 
used. = Increased efficiencies of electrical and hydraulic equipment now avail- 
~ able and their lower cost and greater reliability—all coupled with the fact that 

| % power system created as a part of water development and built primarily 

- to serve this purpose, often does not need to meet separate development costs 

- the service requirements of systems built for other purposes —increase the 
usefulness of such power adjuncts to water projects. — Then too some water 
- development projects provide surplus po paws to sell at a profit to ] pay part of 
the cost of water development construction. — _ However, if this is to continue 
- to be an effective method of financing water projects, those interested i in them 
"must protect the power market and discourage abortive attempts to obtain - 
cheap power through outside subsidy which, in turn, reduce or destroy the 
| possibility of power development subsidizing water development. (iS 
The conviction is held by many that the water of of the Colorado River 


‘emi in the upper basin should be used i in ways and places that will, “most 
effectively, build communities with a broad industrial base, including not i only 
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agriculture but the winning and fabrication of mineral products and use of 
other industrial resources of the region. . To the extent that this can be. ace 
' complished v will come wide-spread advantages not only for r residents of the he basin — 
_ and adjoining « areas but for all areas s within 1 trading distance. nd ‘This. area may 
be indefinite in extent but it includes, more especially, the ‘Pacific Coast and 
the Great Plains States. _ Communities dependent upon agriculture, supple- 
on mented by other industrial production, appear to have a more promising future 
in the inter-mountain | west than communities dependent upon agriculture 
alone. ’ This general thesis is further j ustification for the use of available water 
supplies to expand communities already established and experiencing healthy 
grow th as a result of a combination of of good. agricultural ¢ conditions surrounding | 
them, favorable e position as trade ce centers, ‘and | possession 1 of resources and 
facilities for other forms of industrial development. also a further Justi- 
fication for the great exportations of water from the basin which are being 4 
4 undertaken and proposed, and for the re relativ ely high cost of these projects and 
the initial financial subsidization they y need. 
The general planning of the development of the Colorado Riv er and its 
_ tributaries i in the upper basin will will continue. — Such general plans are e subject 


to drastic modification as new "conditions develop and is 


as distinet from planning, a vast mass of engineering of 

‘detailed nature: (a) to ) unravel the hydrographic and other engineering com-— 
= of individual projects; (b) to devise better and more economical | 
a of their features; and (c) in short, by engineering ingenuity, to 
bring individual projects within the limits of an assured feasibility ~~ The U.S. 

Bureau of Reclamation i is undertaking a part of this heavy burden, successfully, 

and representatives of States and areas which are to participate in the benefits 
should assume another part of it both to bring more resources to the study 


and to insure realization of the opportunities which are Ww within their grasp. : 
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main channel of the Colorado River, below Lee’s Ferry. The 


4 notes refer to corresponding items s and column numbers in that table: a 


8 ‘8, ‘Column mn —Includes losses of the main canal through Mexico. 
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Item Column (3).- —This quantity is water measured to. irrigators 
a. and does not include the transmission losses that will be incurred 
through the continuation of the ‘Mexican Canal in operation ¢ after water for 
the Imperial Vv alley i is drawn through the All- -American Canal. ; oN. 
Items 3 and Column (4). smaller acreage “noted lies within the 
valley and is likely to developed oth canal system he 


Items 5 and 6, Column 1 (4).—The smaller acreage is for the first unit of the am 


Gila Project lying east of Y uma. «Ati is reasonable to suppose that, when com- 


pleted, this unit will be developed to a + moderate degree within a re years. 
entire Gila Project includes” 
proposals have been made for the irrigation of the lands of the Gila, River 


— Arizona from the | Colorado River and the ~~ estimate given al 


4 


TABL E 1.—ApprRoXxIMATE ESTIMATE OF Furure W ATER TO 

DRAWN FROM THE MaINn Cororapo RIvER, Down 


STREAM FROM LEE’s FERRY 


Jat uture 
| Wate, | tare | 
gated | in recent irrigated 
since | years, in| 27& in | water, in 


1937 | acre-feet | acre-feet 


Colorado Indian Reservation 100 000} 270000 
Colorado River, Los Angeles Aqueduct 
Developed by present canal 
By total development 

__ Completed project | 12900000] 405 000 
Yuma Project 80000} 325000 
Imperial Coachella valleys 450 000 |3 000 000 |1 000 000 | 4 000 4 000 000 


Development: 


nue 


En 


oo 


Hoover Dam losses. . 5 
Net river losses below Hoover Dam E 
Sluicing and incidental loss at, and below, Imperial Dam. 
Power and irrigation losses, Lee’s ‘pad to Hoover Dam. 
_ | Gain, Lee’s Ferry to Hoover Dam: 

Minimum 


Maximum 


indications afforded physical features of the area and of ‘the 
ucted canal 


“COLORADO RIVER (1229 | 
— 
| 
3 
| 

4 
7, Column (3).—This is the quantity of water diverted for irrigation 
excludes water diverted for power and other uses 
{ 
— 

7 16 | 700 000 
Heading.—In the preparation of values of estimated future demand for 
apacities ana present experience nh igation have been given more weight 
a In arriving at values than general agreements or understandings regarding the 
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"Those familiar with Colorado |] * may ‘note some 
ancies between stated future demands f for water and stipulations 


have been made, 
Discussion of Column (5), Table 


Item ‘ Chum 5.—This estimate is based o n 90 000 acres at 3.0 acre-ft 
per acre . Return flow from the Indian Reservation will re-enter the Colorado 
River for use below. A contract has recently been let for the diversion dam 
Tem 2 —The capacity o of the Colorado River aqueduct i is to be 1 640 cu ft 
per sec or 1 180 000 acre-ft per yr but it is intended to operate at 1 500 cu ft 
per sec or 1090 000 acre-ft per yr. The date for the attainment of full opera- 
Item 4.—This estimate is based upon 90% of 75 0 000 acres at 3. mane “ft 
per acre. Return flow from the ‘Palo Verde Irrigation Distriet Te- enter. 
_ the Colorado Riverforuselower, 
a. tem 6.—This estimate is based upon 90% of 100 000 acres at 4.5 acre-ft 
Boel acre. It is to be noted that this acreage is less than two-thirds the acre acreage 5 
announced for the ‘first unit of the Gila Project. Also return flow from this 
project will not be available, without pumping, toa any United 1 States irrigation 


to. the river after its use for power and : maintaining optimum velocities and 
depths i in a portion of the canal sy system. The p present indicated use of water 
on this project is considerably greater per irrigated acre than the basis 


to the project less the large quantity. of water returned more or less == 


estimates appearing in the foregoing table and this is true of the | use of water 
on other irrigation projects diverting from the lower Colorado River. a 
8. —This estimate is based upon of 1 1 000 000 acres at 4. 5 acre-ft 


water to t the present Imperial Valley, extensions to this within the - 
Irrigation District, to the East and W est Mesas adjoining, the Coachella | 


cme 


= per yr; ; 4.000 000 a 55% of the canal capacity. ~ Considering 
canal ene to be lt greater than the discharge apg of the ‘maximum 


(irrigation use only) within ‘recent years. 

11 item is ‘mainly evaporation. he value stated has been 
widely used as the evaporation from the reservoir some decades hence when ~ 
the reservoir has been considerably silted and perhaps somewhat contracted 
in area. No the p evaporation is larger than this amount and 
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“there is is some possibility that it is | larger than is generally beli believed and will be 
‘larger in the future than the amount stated (for more information see Column 


ua Ttem | 12.—T his i is ; mainly evaporation from the river surface, adjacent flood 

- plain, ‘and Parker Reservoir to which is added stream inflow between the points _ 
_ considered. | The | latter is not great and the result is a rather large net loss as" 
- indicated. ‘This n net loss has been estimated as much as 200 000 acre-ft per 


yt greater than is given herein and may be considerably higher when other 


_ reservoirs are constructed on the lowerriver® 


Item. 13. —It i is , expected that some loss fs water from the Colorado River 
to the Gt Gulf of California cannot be avoided. | It is also considered by some that 

4 sluicing ag down the 1 river of silt removed from All- American Canal water a at 


a -ineidental losses and ‘sluicing. are about twice the value stated in Table 1. 
Item 14.—This « amount includes allowance for e evaporation from reservoirs 
which in in the future are e expected bud be constructed on the Colorado River 


tributaries entering the river between these same two points. ‘The two most 
important tributaries are the Little Colorado and nd the Virgin | rivers. ~ Official 
are more than twice the amount given. 
Item 15.— —The gain { from Lee’s Ferry t to Hoover Dam Outlet includes the 
discharge of the Little Colorado River, the Virgin River, and numerous smaller 
‘streams and springs. Evaporation from the river must be deducted and this 
may be from 50 000 to 100 000 acre-ft per yr. The net annual average gain, 
been variously estimated between the two values g given. . For reasons ex- 


sind under Column (10), Table 2, the writer’s estimate is near the low value. 


DISTRIBUTION OF OF Varen Berween UPPER AND Lowss Basins 

; ‘Table | 2 should ‘not. t be. interpreted as indicating how ‘the water | of the 
Colorado River will be distributed when development has reached a a maximum, 
and during a dry period. Rather it is intended to show what restrictions the — 
Colorado River r Compact | places upon the distribution of the water under these 
conditions, A modification in compact provisions may eventually appear 
desirable, 
‘The table was } was prepared for water er years 1922 to 1937 which include the 1 very 


r™ period from 1931 to 1934 with sufficient years before and after to be indica- 


tive, There seemed to be no harm i in setting forth presumptive data for later a 


years to indicate what results would follow and the table has been extended to 
include these and derivations from them. . It must be kept in mind, however, — 

that all data for 1938 and following years are imaginary. Also it should be 

~ hoted that , the e discharges assumed for 1938 and following years are high com- 


pared with the averages for periods passed. Iti is s almost trite tos state if 


be warranted over : shortages which . would occur during such a dry | period as 
centered about 1931 to 1934, Sif anything, Table 2 is slightly biased in favor _ 


Colorado River Compact would be more quickly restored and less alarm would : 


The basic data for this estimate are from the Debler (U. 8. Bureau of Reclamation) Report of 1934. 
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of a larger usable water supply than will be realized from the _ of the ra 


under conditions of the years considered. Explanations o of the individual 


‘TABLE —Discuarce E OF THE CoLoraDo RIVER AT Ler’ FrErry, 


PRESENTING OF WATER Between Uprer 


LOWER BASINS AS REQUIRED BY THE 


(All Values in Millions of Acre- Feet per Year) 


So _| | 33 | 4<| #9] 88515 
ls | ZO] Ba | w FS | 556/38 
So] _ pe | sl a Sas | 
® (10) (12) | (13) | (14) (16) 
16.4] ....|2.4]7.9| 10.9 | — 
16.1] .... |2.5]8.1| 10.5 ‘| 17.0 0.9 .5 | 10.6 384 
12:6) 122168 ZS 13.0 0.5 68 | 7.8] 7.5] 19+].... 
14.0] ....]2.2/7.2] 9.0] ....] 14.4) 0.4 7.2/1 9.0] 86] 044].... 
16.5 | .... | 2.5/8.3] 10.7] .... 17.3 0.7 83 10.7} 10.6| 2.9+]. 
15.3| .... 2-3) 10.1] .... 156 0.3 7.51101) 96] 44+]. 
|..... | 27188) 18.1) .... | 204 0.2 | 1821125) $8+).... 
8.11... 0.3 82) 7.7) 844+) 38 
| 6.4 | 140.8/1.7|5.6| 2.5 | 89.2] 6.7 0.3 6.6] 2.5] 2.0] 234+] 93 
15.3 | 139.7] 2.4|7.7| 10.0 | 88.3 | 16.0 0.7 7.71100] 99] 69. 
9.7 | 133.3] 1.9|6.4| 5.2 | 83.0 | 10.0 0.3 64 | 52| 4.7] 06+] 9.7. 
4.4 | 125.211.5|5.0] 0.9] 76.1] 4.7 0.3 5.0 | 0.9| 04| 7.1—| 168 
10.0 | 123.9] 2.0|6.5| 5.5 | 75.2 | 10.2 0.2 6.5 | 4.9} 10.3—| 19.4 
11.9 | 121.8] 2.2|7.1| 7.0 | 73.2 | 12.3 0.4 7.1 | 7.0| 6.6] 11.8—| 20.3 
11.9 | 117.2) 2.2] 7.1] 7.0 | 69.5 | 12.4 0.5 5.3 | 88] 85)|114—| 
1938* | 14.0 | 115.9] 2.2]7.2] 9.0 | 68.4 | 14.5] 119.6) 0.5 | -1.1 | 3.5 | 12.7] 124] 71- 
-1939* | 15.0 | 111.7] 2.3]7.5| 9.8 | 65.1 | 15.5 | 115.7] 0.5 | —3.3 | 6.4 | 10.9] 106] 4.6— 
1940* | 15.0] ....] .. | 10.0 | 66.9 | 15.5] ....] .. 4.2 | 13.3] 13.0] 0.3+ 


4 * All values below line (for 1938 and following years) imaginary. 
"4 Column (1) .—The water year beginning October 1 of the pre previous year ir and 

ending September 30 of the year given. All data are for water years. 
a Column (2) —Measured discharge ‘of the Colorado River at Lee’s Ferry, in 
millions of acre-feet for the water year, Lae 


Column (8). —Ten- -year cumulative discharges « of the Colorado River at 


-Lee’s Ferry. The discharge for the _— in question i is added with the e discharge _ | 
for the nine preceding years. 


ay. Column @- —Estimated annual depletion of the Colorado River above 
Lee’s Ferry due to all present uses and diversions. To and including the year a 
given were obtained from the Debler on { the water 
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authoritative source of information. “Ihe wh er has extended these estimates 
Ce q for 1935, 1936, and 1937 using the formula employed by the Bureau of Reclama- : 
— 


9 «ove 


“1989 


tion. Debler Report gives values for years but it is believed 


‘they are applicable without appreciable error to water years. 
Column (5). -—Estimated annual depletion i in the upper basin of the Colorado 


River if dev velopment. had proceeded to the limit imposed by an ‘an average use 
of 7 500 000 acre- ft per yr. _ Values for 1934 and earlier were obtained from 
the Debler Report. > ~ Those for 1935, 1936, ‘and 1937 were estimated by the 

q writer” following the Dabber method. is to be noted that values in this 

column from year to with the dryness of the season. 

- 1g at Lee’s Ferry a after subtracting 

‘the voles of Cem 6) from the sums of the values of Columns (2) and (4). 

These latter | sums are the total ‘yield of the Colorado River and tributaries 
i ove Lee’s Perry The items of Column (6) are amounts: which would be 
available at Lee’s Ferry to t the lower basin had ‘ ‘full” upper-basin development 
s existed during the time covered by the table, , and without consideration | for 
the provision of th the / Compact which required 75 000 000 acre-ft to flow oT 
Lee’ s Ferry in any 10- -yr period. =: 
Column: (7). —Ten- -year cumulative sums of values of Column (6). It is 
“these values that the Compact. requires shall not be less than 75 000 000 acre- ft. 
Note that the values are less than the required 75 000 000 acre-ft for 1936 
and 1937 and are likely to be less in succeeding years until 1943. - The informa- 
tion in this column indicates that development i in the upper basin cannot be 
yet reliably upon an average consumption of 7 500 000 acre-ft of water per. 
= throughout a series: of dry r years b but must be | based upon some less amount; 7 


4 “and that there is no surplus v water available from the Colorado River over an and 


¢ Column (8) —Measured of ‘the ‘Colorado Rives er at Bright 
| Arig. Bright Angel is midw ay between Lee’s Ferry and the Hoover Dam and 
= the mouth of the Little Colorado River, which pts the — 


jee betwe een the two points ‘specified. 

Column (9).— hese are 10-yr c cumulative value 

Column: (10) .— Differences een annual at Lee’s 
‘Ferry | and Bright ‘Angel. The net gain in the Colorado River between Lee’ 's 
Ferry and Hoover Dam outlet before . deducting evaporation from Lake Mead 
- been tal taken numerically equal to these differences in later computations. — 
The smallness of the gain according to this ass assumption is somewhat sur- 

: prising particularly as there is a large drainage area between the points con- 

SS The Virgin River discharges from 100 000 to 400 000 acre-ft per yr_ 
‘into Lake Mead, and measurements by E. C. LaRue, M. Am. Soc. C. E., , during 

= and September, 1923, disclose streams | ‘discharging an aggregate of 
272. 3 cu he ae sec into the Colorado River between Bright Angel and Black | 


at Black Outen on and Bright Angel in 1932, 1933, and 1934 | shows net river gains 


between these ‘points of 200000 to 400 000 acre-ft p per These years 


mediately precede the impounding of waterin Lake Mead. 
ao However, comparisons of the discharge of the Colorado River at Bright 


“Angel and the Vi irgin River at Littlefield, Ariz., with the discharge from Hoover | 


| 
: 
— 
‘4 | 
= 
4 


COLORADO RIVER— 


‘Dam, and accumulated visible storage in . Lake Send since the impounding « of 
water began and during the period while the reservoir has been filling, show a 
remaining apparent loss of water after making a generous allowance for bank» 
i= storage anda customary allowance for evaporation associated with Lake Mead, 7" 
for most ‘months and years. _ This may be the result of inaccuracies in discharge 7 
“measurements, errors in the stated volume-stage relation for Lake Mead, too. : 


low an estimate of evaporation, temporary | or permanent seepage from Lake 


om 


an 


Aclose study seems to that: There is a very satisfactory consistency 

in the data which : shows that discharge measurements are to be relied upon as 

being sufficiently a accurate; there m may be bank storage or or seepage greater than 

estimated (10 ft of depth for the water area); there is a likelihood that the 

_ volume and area of the reservoir are greater for a given stage than has been 4 
stated heretofore; ‘there is also a likelihood that evaporation is ‘greater. than 

estimated (6 ft of depth per yr) nage because unit ne is greater a and 


‘from 200 000 acre-ft in 1936 to | 300 000 acre-ft in 1938. oak as part of 
this apparent loss is likely to prove to be an actual loss (evaporation and seepage 
other than bank storage)— -perhaps of the order of the discharge of the Vi irgin 
‘River into I Lake |] e Mead (which i is measured and was credited in in the computa- 
tions) —the : net g gain between Bright Angel and the outlet of Hoover Dam will 
continue to appear to be zero if the evaporation f from Lake Mead is considered 


the same as before (at normal stages 500 000 acre-ft per yr when the reservoir 


area is somewhat decreased by silting). 
—. ‘This is an awkward manner of estimating the water T resources of the river 
-% but appears to. give correct results; - and, , until the -volume-stage- area data for 


- Lake Mead are confirmed or corrected, and until more data concerning the 7 


“a Column (11 ).—Annual quantities by which discharge passing en s Ferry 

_ would fail to provide a 10-yr cumulative discharge, at this station, of 75 000 000 
acre-ft for : any 10-yr period and under the conditions contemplated i in the 
preparation of data for Co Columns (5), (6), and (7)—that is, an upper-basin 
development based on an average annual use of 7 500000 acre-ft of water. 
The values of Column (11) are obtained by noting the quantities in Column = 
(7); and when these become less than 75 million, taking (in chronological a 
differences between adjacent values. ‘It would thus become apparent at the 
end of water year 1936 6 that | the discharge 0 of that year had been so low that 
the cumulative discharge for it and the nine preceding years had dropped to 
_ 73.2 million acre-ft; but, had the discharge at Lee’s Ferry been 1.8 million — 
cacre-ft higher than it was assumed to be in Column (7), the cumulative dis- — 


charge for 1936 and the nine preceding years would have been exactly 75 000 = 


acre-ft. The 1.8 is the difference between 73.2 and 15. ie ine 0 
— Column (12) —Water available ar annually i in the wu: upper r basin f or consumptive 
use, based upon a development using 7 500 000 acre-ft per average yr except 
.when this must be diminished to sustain the 10-yr cumulative discharge at 
-Lee’s s Ferry at the 75 000 000 acre-ft specified by the Colorado River Compact. 
Nos shortage in in the 75 000 000 acre-ft cumulative amount t occurred until (1936; 
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amber, COLORADO “RIVER 


restitution of the shortage made i in 1937. Similarly, it is considered Tithe the 
restitution of the | shortage of 1937 would be made in 1938, and so on. rr The 
a Column (12) are obtained by ‘subtracting from m the values of Column — 
6 ) the values of Column (11) which appear on the lines | next above. | It is sto 
be noted that the 10-yr-cumulative-amount provision of the Compact, if 
strictly adhered to, causes the greatest shortages to occur in the upper | basin 
a matter of years after the end of the dry period, : The only substantial effect 
- following: this provision ¥ would be to hasten the restoration of the level of 
Lake Mead or other reservoir. . The ‘average of values of the column | for the 
years 1931 t to 1940, inclusive, is 5. 8 million sere-ft. 


which the in Column (12) are based. "Values are obtained by to 
the values of Column (6), the values of Column (11) appearing in the line next. 
above (the sign is not considered). to be noted that under the conditions 
governing, 7 very little water would be contributed to Lake Mead ae oo 
reservoir on the lower river) in 1931 and 1934. 
Column (14) _—Annual water supply to the lower Colorado River reckoned _ 
ab th ‘the outlet of Hoover Dam. _ Conditions of Columns (12) and (13) govern. 7 
To » obtain the values. of this column, the river gains of Column (10) are added _ 
to the discharges at ; Lee’s ~ ‘Ferry given | in Column (12); 0.8 million acre- ft are ; 


4 between Lee’s Ferry and Hoover Dam, and 0. 5 million | acre-ft, ieetine 
Z: annual loss from Lake Mead. ‘The e average of values of the column for . 


1928 to 1937, inclusive, is 6. 7 million acre-ft. a For further information on the 5) 
probable evaporation from Lake Mead and considerations regarding the gain 
‘between Lee’ s Ferry and the outlet of Hoover Dam refer to the » explanation of : 

Column (15).- —Departures of the cumulative sum of the values of Column 
(14) from the cumulation of the average for all years, applied successively each _ 
year. This is an indication of the storage requirements for equalizing flows 
Of Column | (14) for - the entire ‘period. 
= Column (16).— —Likely cumulative depletion of Lake Mead during a drought > 
period similar to the one of 1930 to 1937 after the Colorado River is developed 4 
‘in accordance with conditions stated for the data of Columns (12), (13), and 

(4). Th Tn | the preparation of Column an (16) the assumption is made that the 

"requirements of the lower basin will necessitate the release of 7.5 million acre-ft_ 
o yr from Hoover Dam lake. This will include half of a possible Apnea 
to Mexican lands, the other half . which would move through the reserv oir, - 


The avalable water from direct stream flow for lower- basin 1 use as given en 
‘in Column (14) is sufficient to to ‘supply the demand of 7.5 million acre-ft per yr 
"without considerable depletion ‘of Lake Mead until the end of the water year 
1929; and the reservoir may be considered full at the termination of the spring 
flood of | that year. A start therefore i is made in 1930. This year is credited 
With: flow : available for the y year and from this is deducted 4.0 million : acre- ft 
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representing the depletion of the reservoir for power and irrigation duten: the 
late summer and fall of 1929 and the spill required to obtain flood-storage_ 
volume before the expected spring flood of 1930; then 7.5 million acre-ft, repre-— 
senting the draft for 1930, is deducted. . The item in Column (16) then 7 


- depletion of the reservoir at the end of the water year. . For) each subsequent 

_ a credit is made for the flow available, and a deduction of 7 7.5 million acre- ft 

is made. This assumes that 1 no ‘spill, v waste, or exclusively po power use of water 


ill be permitted under drought conditions. 


-. The sum of the following quantities (each i in million acre-ft) is 7.5 million 


acre-ft: Consumptive use by projects in the lower basin whose construction has 
begun, 6.2; channel losses between Hoover Dam and Yuma, 0.6; waste at, 


Imperial Canal not recoverable in Mexico, 0.2; and, co concession to Mexico, 0. 5 
Such a drought coming several decades from now, when full 


= be expected, would find Lake Mead partly silted. Perhaps: its present 
capacity of 30 million acre-ft would be reduced to 25 million acre-ft.. A de- 


pletion of 20 million acre-ft would leave 5 million acre-ft in the reservoir, with 
a head of 293 ft available at the power plant. T his i is a little more than half ; 


he normal head. 


OF IRRIGATED, IRRIGABLE AND ARABLE 


In Table 3, the data in Columns (2), (3) and (4) were presented by — : 


7 ow. ae , Past- President and Hon. M. Am. Soe. C. E., in 1929.4 They are : 


“TABLE oF IRRIGATED, OR Lanps IN 
A 
Basin” OF THE COLORADO ABOVE. s Ferry, in ACRES 


= or or arable 


| Green River... River.... ey 643 000 |1 212 1 212 000 1 1855 000 532 1 067 000 | 1 599 000 
Upper Colorado River. . 542000} 412000; 954 000 588 890000} 1 478 000 
San Juan River.. 157 000} 729000; 886000 000} 653000} 809 000 
Remaining parts of ‘the upper basin} 128000] 102000| 230000 1000} 130000 301 000 


Totals....... .|1 470 000 |2 455 000 |3 925 000 |/1 447 000 |2 740 000 187 000 


mm 


mainly census date and estimates that wi were aveileble to the Colorado River : 


Board. . The data in Columns (5), (6), and i (7) were compiled by the engineering rd 
staff of the U. S. Bureau of Reclamation under the direction of Frank E. 
Weymouth, Hon. M. Am. Soe. EL They are from a variety of sources 


rs: The two sets of data are not strictly comparable for individual basins be- 
‘cause divisions of the basins adopted a are not the same; but they should be 
comparable for the entire upper basin (see Item 5, Table . ola 


ft 


4“*The Colorado River and Its Development,’ ” by D. W. Mead, Journal, Western Soc. of Engrs., 
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COLORADO RIVER 
Data for arable lands in the basin of the Upper Colorado River have been = 
cited in a report of the Bureau of Reclamation on the Colorado-Big Thompson 


Project. This’ report and the - surveys of arable land within this basin were 


7 - made under the immediate supervision 0 of Porter J. Preston, M. Am. - Soc. C. E. E. 
‘For the basin of the River i in Colorado, excluding the Gunnison 


ea, in acres 
— 


Porter J. Preston: 


E. 
Irrigated i in 1922 
Additional irrigable or arable. 


Inthe Preston Report the land is classified : as but not sly irrigable 
from the standpoint of economy or adequacy of local water supply. - Some 
ene which are said to be irrigable for meadow feed for livestock were omitted 
from the estimate intentionally. data for this basin are di- 
they include irrigated 


“pasture lan land that was omitted fr from the Preston Survey. 
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‘CIVIL ENGINEERS 


PA RS 


FIELD TESTS OF A SHALE FOUNDATION 
AucusT E. Assoc. M. AM. Soc. 


ed time-settlement tests on various sizes of square plates, a cyclic loading 


“test, and a @ series of tests to: determine the effect of bond and eocfiislent of fric- 


of concrete monoliths on a shale foundation. ‘The tabulated and 


- graphical field data presented are analyzed in an attempt to verify some of the 
current theories advanced by students of soil mechanics. 7 Comparison i is also 


made between somewhat similar tests performed i in the laboratory on smaller 


specimens. _ Formulas and permissible load values are are suggested for this par- 


ticular foundation material 


The necessity y of placing on on difficult foundations i is becoming increas- 
ingly frequent as the better sites are put to use and as more and more control 


and conservation of water is is demanded d by the A age _ The engineer is thus: : 


sign requirements a as set. up p contemplated a a masonry dam for a head of 130 ft, : 
founded in the blue shale ee oe the sand and gravel in the river-bed at a 


‘sistency cy of test ; results 3 acquired with identical technique were etm to be in 
error. Many of these curious anomalies in the data cannot explained. . 
3 This paper is not intended to be a profound dissertation on 1 soils mechanics or 
Nore. —Written comments are invited for immediate publication; to insure publication the a 
cussion should be submitted by January 15,1940. 
7 * Civ. Engr. -» U. 8, Army Engrs., U.8. 8. Engr. Offic Office, Portland, Ore. 


is 
| 

q 
_ Field tests described in this paper were conducted on the shale foundation | i 
Poss on the razos lve ear WV er Talle Tay hew 

— 
f 

. 

site,as the case may bee j 

Possum Kingdom Dam, near Mineral Wells, is one of several on the Brazos” 
= 
examining available literature on shale foundations, performing specific tests 
z ” and experiments on selected samples in the laboratory, seeking advice from oy 
experts and consultants and then making field tests under natural conditions. — = 
on due course certain information was acquired and, more important, certain 7 


OF A SHALE 


= observations and deductions as seem to be warranted by the results. t) 
“bird’s-eye view” 
the problem and serves as a reassurance that such have been 
utilised successfully i in the past. All too frequently, however, reports of tests 
are not sufficiently comprehensive enough, are vague in description, « or r lack 
_ conclusions that could have’ been substantiated by later measurements. — . For 
maximum benefit to the profession the important boundary conditions of a 
problem should be stated, with a description of the material, a full record of the | 
tests, the final working loads used in the design of the structure and, if available, 
the deformation of the foundation under actual loads. This last requisite | can- 
not be furnished by the writ writer but it is hoped that it may be partly supplied by — 


PuRPosE or Fietp Tests 


_ The g general purpose of the field tests was to obtain data on the probable 
movement of the masonry dam on the shale foundation | when subjected to 

~ sustained loads and a repetition of loads. This general purpose was divided 7 
_ into five component parts, as follows: (1) To study the sliding of concrete — 
“tc on a prepared shale foundation, under the influence of horizontal and 


4 ertical loads; (2) to observe the fatigue effect on the shale when the load varied 
7 for several cycles from a maximum to. a minimum unit load; (3) to determine 
- _ the time effect on an area of the shale under the e weight of a a ‘conatent load; (4) 
to establish the relationship between various sizes of loaded areas under equal 
- unit loads and the settlement of those areas; and (5) to compare values from © 
large-scale models loaded under natural conditions with similar values erent 
in the laboratory on selected specimens, under T assumed and controlled condi- 
a At the time the tests were proposed, it was realized that conclusive data on on 
: each of the foregoing items might not be obtained and that supplementary 
points of interest would occur to the investigators during the tests. - - Both of i 
7 these things happened and the result was a progressive accumulation of knowl- 
edge. Fundamental assumptions made pr prior to the tests included the observa- 


- tion that failure would probably not occur from compressive stresses in the shale le 


but from the tendency of the dam to slide on the contact plane between the — 
masonry and the rock. This item was given primary consideration. Another 
fundamental assumption was that the shale was less rigid than the concrete — 


dam above it ‘and that the deformations would be confined to the ; shale. 


4 The rocks at the dam site are sedimentary in character, consisting of a top 

g member of limestone and grading downward t through various admixtures of sand- 

7 stone, , silty and sandy shale, conglomerate and finally a fine-grained blue shale. 
The tee shale bed is approximately 80 ft deep and is supported from below by 
a hard gray sandstone of unknown depth. This general stratification is appa- 
rent on the cliff on the “~~ bank and it in the trenches that were dug in the sloping | 7 
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TESTS A ‘SHALE FOUNDATION 


Ts successfully and is now about 300 ft below the top of the limestone 
aft. The cemented conglomerate and the sand and gravel in the river-bed 
“have probably been brought dow n from the headwaters during flood periods 
and deposited at the site. 

it The top part of the Wolf Mountain shale member immediately below the 

base of the overlying limestone and conglomerate has been oxidized and altered 
by waters that have seeped through the relatively porous limestone and con- 

a glomerate and have followed along the top of the i impervious shale. . The color 


_ has been changed by oxidation of the iron content from gray to yellow; cal- 


_ eareous cement has been dissolved and the shaley content softened to clay. 
; Except for this weathered zone at the top of the formation and a moderate 
general penetration: of s surface w reathering, the sandstone, sandy and silty shales, 

and blue shale | phases | of the formation are satisfactorily dense, strong, and im- 
‘perv ious. The various phases of the Wolf Mountain formation appear to have 


adequate bearing strength 
‘The shale, including the silty phases, eine’ in water after being dried. The 


‘slaking propensities vary considerably depending on on its composition and tex- 
ture. Therefore, it was necessary to observe the 1 usual precautions against 
surface deterioration in all foundation excavations where concrete was placed. 
‘The foregoing considerations indicate immediately the point of greatest 


‘danger; that is, the tendency of the shale to slake and form mud seams. : One 


shale surface with an asphalt. solution. This covering g keeps the 
shale from drying and preserves its rock- Jike character. Since concrete must 
be placed on hated of this —" coating, the degree of bond betw een the dam 


La ABORATORY ‘TEsTs oF SHALE 


ve series of laboratory experiments 
“were made with the hale he and Mechanical College at 
“lege 5 Station, Tex. Additional tests were run at the Vicksburg Soils Laboratory 


14a 


conducted by the U. 8S. Army Engineers at Vicksburg, Miss. In general, the 


_ specimens were cut from cores taken by shot-drill methods during the explora- 


tory boring and were carefully preserved 1 until tested. x The greater part of these. 
tests W were made on cylinders, 6 in. in diameter, 12 in. high, or on parts trimmed | 


- from the 6-in. cores. _ Although | they varied over a wide range, the results of 
these tests were of a predictable nature 2 and for the lower stresses indicated that 


the shale behaved as an elastic, isotropic material. The av _ results of the 


erage 
Moisture | content, expressed as a pereentage of f the 


total w eight... 

compression of of 7 2 tons per sq ft....... 133000 
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"TESTS ¢ OF A SHALE FOUNDATION © 


Weight 1 per cubic foot undisturbed, in pounds. 
= (h) Shearing parallel to bedding plane, in tons per square 
(i) to bedding plane, in tons per square 
oe ae foot when compressed at 4 3.6 tons per sq ft...... | 
@) Chemical constituents, expressed a as no of the 


Alumin 


Potash 


(k) Cohesion, in tons per square foot (Vicksburg tests) . . 
l) Angle of internal friction, in degrees (Vicksburg testa) 
x Item (c) is not a standard or recognized test. The method use sed was to. 
weigh specimens containing all of their natural moisture and then i immerse 
them in water at room temperatures for periods 3 varying from 3 to 20 days. It 
was noted that the specimens remained hard during this time and continued t to 7 
absorb water for a about 10 days. | After the period of immersion the —— 
were towel dried and re- -weighed. 7 The percentage of absorption was taken as — 


the difference i in the two weights, divided by the initial weight. a emits 
It is also to be noted that Items and fail to. with tests 

. and (1) made at the Vicksburg laboratory. _ Disparity between results obtained | 
by different laboratories, and even differences between several results obtained 
by the same laboratory, are the usual problems that. confront a foundation 
engineer. As second series of tests covering essentially 1 the same points gave 


slightly higher r results and will be discussed subsequently under the whansaei 
of and field experimental data. 


and refinement of apparatus were given s some consideration but available time 
made it expedient to follow such rules as were known to have : given good results : 
in other cases. A further discussion of the laboratory tests is beyond the scope 
of this paper and they are mentioned merely to afford ; an — view 0 of th the | 
s material on which the field tests were conducted. __ 


SLIDING OF CONCRETE BLOCKS ON . SHALE FOUNDATION 


- 3 Onthe right bank of the Brazos River the concave side of Possum Kingdom 
Bend has a gently sloping surface that formed an ideal place to dig a test trench 
down t to shale. At the point chosen for the trench the elevation of shale was 


higher than low water in the Brazos River and all experiments were cor conducted — 
interference from the river or from inadequate drainage. 


Crushing strength of 6-in. by 12-in. cylinders, intons 
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939 TESTS OF A SHALE FOUNDATION 
| erate and sandstone were excavated with the aid of a small power shovel and 
dump trucks, after drilling and blasting. When blue shale was reached, it was 
excavated to within | 12 in. of final grade and an asphalt sealing solution was 
- pplied to the surface to keep the n moisture within the shale from | escaping. 
Immediately prior to casting the concrete blocks in . place the last 12 in. of shale 
- were removed by air tools and by hand, the surface was cleaned by an air jet’ 
j and another sealing | coat of asphalt solution was applied. The foundation for 
| the test blocks had a 5° slope upward i in the same direction as the direction of 


the horizontal force that was to be applied. This sloping contact plane enters 
into computations for the resultant load and the angle of friction between con- , 
erete and rock. The tangent of the angle of the resultant load on this 
The oes from 8 a . line normal to it i is. the ratio of parallel to normal forces. 


ponents of the vertical and horizontal loads. No special effort was made to - 
secure & sandpaper finish on the shale foundation and the small irregularities a 
from the use of the air tools were believed to be comparable to the wuttnae that 4 
". be obtained under the dam ¥ when it was constructed. = 
= The concrete test blocks were made from local aggregates, river water er and 
Portland cement. _ _ Frequent checks indicated an average weight of 153 lb per | 


eu ft and concrete t test cylinders : 8 made at the time the blocks were cast, as s well 


oof a6 6-in. (diameter) by 12-in. (high) cylinder to to be appreciably m more than 3 ood 
- lb per sq in. Eight test blocks, measuring 5 ft by 5 ft by 5 ft were cast in 1 place, : 
but only three of these gave significant it information about the shale foundation. _ 
Thea atus f th tests consisted of vertical and horizontal hydraulic 
pparatus for the tests ydraulic 
ion for applying loads, and dial gages for measuring movements of the block, 
_ Two hydraulic jacks resting ¢ on the top of f the block, with an overhead, ballasted 
steel platform: for backing, transmitted a controlled and registered vertical force 
- (see Fig. 1). The overhead platform spanned the test trench and rested on 
4 rollers placed on ledges or berms cut in the sandstone on er of the 
trench about 10 ft above the foundation (see Fig. 2). 
“one test ‘was completed the entire platform was ¥ w ov it was directly 
over the next test block. In this manner considerable time was saved in erect- 
z apparatus for for the eight 1 tests. ~The ballast on on the platform v was sand a 
Horizontal loads: (see F e Fig. 3) were applied by five hydraulic jacks working 
. | against the base of the concrete test block and using the side of the trench for 
backing. 4 shows the apparatus in place. Shoring and blocking were 
| necessary to distribute the loads properly to the shale backing. _ Jacks a and 
hydraulic gages were calibrated after the tests were finished. _ Entire units were 
= in a 300 000-lb -Ib testing machine, the load applied, and the gages were 


Horizontal movement of the concrete was measured by four dial gages 
at the lower f four corners of of “the block. _ Vertical movement was m measured by 
- dial g gages at the front and rear on the center line of the block near the top. 


These > dial gages were sensitive to movements of 0. oe «dt oe some 
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‘Fre. 1. —Hypravuc JACKS AND Buockine FOR VERTICAL Loap APPLICATION 


2.—GeEneERAL View or THE Test TRENCH AND 


— 


JACKS AND SHORING FOR Hontzowrat Loap APPLICATION | 


“ingenuity to support these gages rigidly and independent from the test b lo ck. 
The framework finally used, as well as the relative positions of the six dial ; | gages, 


determined value and loading specimen failed. 
- Movement of the block in a vertical and horizontal direction was recorded 
° frequently « during the loading. Time \ was kept from the beginning of the te test. 


until failure and a record was made at each reading interval to study the move- 


‘FIELD 


Total 
4 = 
ment,in} zontal mal load! cient of | area in 
inches load, — — to on foun-| friction | contact 


in tons foot ical} dation | 


* Percentage of the base area of the concrete test block to which shale was adhering after the test. 


Data on the three blocks giving most information about the shale have been 
tabulated i in Table 1 . After f failure of the periaes both loads were released = 


ng 24 94° 35.15 | 1.31 | 0.072 49 | 1. 0.857 
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‘TESTS OF SHALE FOUNDATION 
and then cenit in an effort to get the coefficient of friction of concrete on 
shale, uninfluenced by bond between the monolith and the foundation. | ; These 
results, with a record of the percentage area of shale found still adhering to the _ 
_ bottom of the blocks when they were tipped over at the conclusion of the two 
tests described, » are given in | Columns (9) and (10), Table 1. At tl the time the 
blocks failed (when no greater resistance to a horizontal load could be « obtained) 
‘small cracks appeared in the shale immediately beneath the block. These 
small cracks, apparent at the bottom corners of the blocks i in the shale, indi- 
eated local shear failure near the surface. foundation for Block Me. 
was recognized a as soft and inferior to that which ordinarily would be permitted — 
under the dam; but physical ‘difficulties in equipment and drainage made it 
inadvisable to excavate down to good shale. The fact that was given con- 
sideration was that this one poor specimen reduced the average stress for the 
- three tests and would lead to conservative 1 values for design 1 purposes. — 
The ratios in Column (8), Table 1, are a ‘measure of the angle that. the re- 
sultant force on the blocks makes with a line normal to the foundation. - The 


high values indicate mechanical bond between the concrete and shale prior to. 
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The shear values in (5), Table 1, are along the plane of 
contact between the shale and concrete. ‘They show an “expected increase 
with the increase in normal load. The coefficients of friction of concrete on 
shale (Column (9), , Table 1) include the effect of bottom irregularities i in the 


eng caused by scars and ‘depressions from the u use of hand tools in ex- 


Hock was “cast in place. Visual inspection of the bottoms of the test blocks, 4 =“ 


for Block 3 


oat 


Ultimate 
for Block 


Horizontal Force, in Tons 


Horizontal Movement, in Inches 
Fic. 5.—Srress-STRAIN Curves, 2, 8 


“when they were turned over upon completion of the tests, indicated that local 
shearing of the shale during the second test gave this rather high value for 

: coefficient of friction. The time involved i in the tests was a matter of minutes 
and corresponded toa “quick tests.” | This factor must be evaluated | properly, 

particularly in any extrapolation of these data. A graphical stress-strain — 


- relationship is given in in Fig. 5, the vertical load being kept constant for r each of 
the tests, as follows: 


Maximum, 
_ vertical load, 
in tons 


‘Tt should b be nated 1 in Fig. 5 that the specimens showed remarkable agreement. 
with Hooke’s law up to a fairly well defined point that might be termed the © 
“yield point.” This assumed yield point is about 63% of the ultimate strength 

= probably represents the e first local f failure in in shear of a part of the shale im- — 
“mediately behind one e of the protrusions of concrete that filled the irregularities 

of the surface of the foundation. | oi The rate of increase in the ratio of horizontal 


load to vertical load was constant for all three specimens, to the point of vulti- 


) 
ly — 
¢ 
| 
— 
4 ae j 
3 66.5 


conclusions drawn from the foregoing data ar are: 


a (1) Bond existed bebunenn the conerete > and shale i in spite of the the asphalt ; seal halt seal- 


_ing solution that separated the two aes Ts 
(2) The sealing solution the rock-1 like qualities of the shale; 
 @ If the dam is , proportioned s so that the ratio of the summation of hori- 
zontal forces to the summation ¢ of vertical forces does not exceed 0.50, @ safe 


structure e will re result; ae 


r val | 


Settlements were ‘onal for the loads applied but gre eater 


should be > anticipated f for larger lo loads sustained for a longer p a 


_ The load on on the shale foundation under the someet dam would be ‘subject _ 


Load, Temperature, | 


in Ton 


Settlement 
Piel 


. 7 the edam. Itw: was 1s planned to store flood w raters Uf up to alana pool elevation pry 
then release them gradually for domestic, irrigation, and power purposes down 4 
toa predetermined level established i in the interests of conservation of water. | 


f Such operation, would result in base. pressures ata point on on the toe of the dam. 


minimum 1 pressure. a The probable time involved for s ear a Send ey cle would be 
about one year and although no great concern was felt over such a condition, 
aspect: of the problem was deemed Ww orthy of investigation, 
=. A cast-iron plate, 12 in. by 12 2 in. by 1.5 in. thick, was s carefully leveled upon 
the prepared shale foundation. 7 _ Preparation of the. foundation included final 
hand excavation of shale and a sprayed application. of an asphalt emulsion. 


This was renewed 20- or as often as small 


thin Portland cement to obtain a level, horizontal surface 
and to fill the minute > irregularities ¢ on the rock surfa surface. Oe 
— Controlled and registered vertical loads were applied through an an ogg ol 
_ jack backed against a bin full of sand resting on an overhead platform. To 
- assure axial application of the load a spherical bearing block was provided 
between the jack and the loading platform. Settlement readings were taken — 
by 1 means of s small dial instruments: measuring to 0. 0011 in. at the four corners of 


A load cycle W was considered 1 complete when the pressure had be been increased 
slowly to 10 tons and then decreased to 4.3 tons. In general, one cycle w would - 
require about six weeks during v which \ time daily observations were tak — of 
settlement, temperature, and weather. Some difficulty was experienced at 
first but corrections were soon made and the value of the test 1 was not lost. — Four 
cycles were completed i in 246 days and the ‘graphical record is indicated i in Fi ig. 6+ 
In ge general, the shale behaved as an elastic material that would com ‘compress 
load and rebound when th the load was released ‘d during the first 
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* 0,07 in., and 0.02 in. for the points on on the shale 6 in. removed from . the 

&. edge. . The data are decidedly irregular and cannot logically be plotted — 
as a § stress- strain graph - In a gross 1 manner it can be sta stated that there ‘is a 


S, 
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| 
—Average Settlement Points 5, 7, 9 and |_| 


Load 


POINTS Points 1, 2, 
POINTS) 
60 80 100 “120 1440 «#160 «6180 6200 220, 


Time it in 


Cycle __ 
Set, 
0.025 In. 


Installed 
New Frame 
to Hold 

Permanent} 


| End of First 
a ~ Fourth 


End of _ 


doce not with th the “qnloading” line. this was 
more apparent in laboratory tests of cyclic loading. A second observation is is 7 
that the defor mation at the end of the fourth ey cle was more than that obtained 


“under the tes the ‘alight upheaval of the 6 in, removed 
is typical of and the of some plastic flow. 


s to the number of loading cycles before 
definite fatigue be Certainly, for the loads involved in the 
test applied at the same rate for four -eycles, the settlements are without 
structural significance. | 7 There is a recognized danger in assuming that a single 
test result on a specific, , small area of Tock | can be used indiscriminately on the 
entire foundation. difference betwee een areas under test and under the 
prototype i is too great to use the results of the experiment as any thing mor more 


— 
TIME Erect oN SETTLEMENT 


“The time effect on n settlement ¥ was investigated from the results of loading : 
“ds cast-ir iron test est plates a1 and observi ving 1 the settlement. _ Since: the preparation 7 
and test procedure for obtaining the time effect is the same for all three plates, 

a description « of only the 12-in. by 12-in. by 2-1 -in. plate will be given . The! final 

results will include data on all three e plates. ", The dimensions of ‘the ‘other two 

7 plates were 6 in. by | 6 in. by 2 in., and 24 in. by 24 in. by 2 in., respectively. 

‘ A registered and cot controlled vertical force was transmitted to the 12-in. by 
12-in. plate through a an hydraulic jack. The jack used the overhead loaded 
platform previously described, for backing, and axial application of the load — 

was insured by a spherical bearing block between the jack and the platform. | 
A refinement ov yer the ious equipment consisted of a pressure regulator 
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and ch check ok value inserted in the pipe line between the pump | and the jack, - 


The pressure regulator gave constant pressure with» a minimum of m: manual 
attention, and the check valve es withdrawal of the pump from the line 


ae 


y without loss of line pressure. If “Tepairs to the pump were necessary, the ac. 
—— cumulated test data w vould not be lost. > The test plate itself was leveled care. 

fully and set upon the prepared shale foundation in the same manner as the one _ 
ed for the cyclic loading test. . Settlement: readings were | ere taken on th the four nm 

corners of the cast- -iron plate an and on the shale at a distance of 12 in. from each © 
of the four: edges. of the plate. A graphical record of all recorded data a appears . 
a Equilibrium was reached only by the smallest test ‘plate after. 60 days of 7 
constant load application. No further settlement was noted although the 
kept on the plate days. Then ium size, or 124 -in. 
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7.—SerrLement OBSERVATIONS UNDER Loans OF Ten Te PER Square Foor 

’ time effect after 70 abi constant load application. > in. 
_ by 24-in. plate continued to settle at a slow, uniform rate after the first 30 days 4 
of sustained load. The first 30 days of decreasing rate 0 of 
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‘Fig. shows settlement. plotted against time on a semi-logarithmic scale 
for the three plates. i A smooth | curve is a based upon these points, and 


f 
£0. 
7 


Time, in Days, Since Beginning Test 


0,02 
20 


8.—Time-SETTLEMENT Curv 


- though a general agreement of form can be said to exist t for the: time settlement 
= for the medium and large plates, the data on the smallest plate do not 
4 give the same shape of curve. _ Thee conclusion drawn is that the rate of settle- 
- ment is a function of the loaded area and the total load. _ Furthermore, the 
‘Tate is slow enough (0.01 in. in 20 days for for the largest plate) So that in the proto- 
~- the; stability of the structure will not be affected. Continued settlement 
the dam over a long period should be anticipated. 
_ The total ‘settlement of the > plates in all three cases was greater than the 


settlement 12 i in. from the edge of the plates. No bulge i in the e surrounding 


> it _ shale was observed. This dish-shaped condition under load suggests that 
4 - Boussinesq’ s formula, modified by a parameter, may be applicable. © ‘However, 
3 ‘the Poisson’s ratio of the shale is not known and a check on the foregoing sup- 


position i is precluded. . No drift or plastic was discovered and settlement 


a Ith has been stated* that the amount. of settlement in soil is equal to the 

eG product of a constant depending upon the character of the soil, the diameter of 

the loaded area, and the unit load on the area. The tests on the three different — 

sizes of square plates, each loaded with the same unit load, and founded on the 
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sults is evident immediately. The three curves do not agree in shape. 
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_ TESTS OF A SHALE FOUNDATION vo 
same type pe of material, form the basis for establishing the relationship be 
the size of the loaded area and settlement. The equipment | and tests are 
identical with that described under the heading “Time Effect on Settlement. 


‘The results of these tests, after 116 days under a constant unit load of 10 


s per sq ft, showed a ‘settlement for the s smallest plate « of 0. 048 in. and an 
rage settlement of the shale , 12 in. ‘removed from the plate, of 0.044 i in, 

‘ _ The medium size plate having four times the area settled only 0.10 in. and the 
12 in. away settled 0.036 in. ‘The! largest plate with an area of i 4 sq 

only 0.123 in. . and the outside shale, 12 in. aw way, settled 0.072 in. "These 


values are of an expected order and can be used in the formula _.. s 


in which: en settlement, in inches; C= constant = 0.0: = diameter 
of plate, in feet; and, w = load per square foot = = 10 


.05 

0 


4 
c 
a 


Side of Plate, D, in Feet 
Fia. 9.—ReLation BETWEEN RESULTS AND EQuaTION (1) 


: te 9 shows this r relationship betw een | experimental results and Equation | 


tween 


- (1) graphically; the straight- line variation may be assumed without too great 4 


loss of accuracy. The deviations ‘Tepresent unexplainable that 
] frequently crop up in foundation experiments. in spite of painstaking efforts to 


0.035 in. upon | 


b 
points compaction under the suggests th that 
only’ is the settlement under load a funetion of size but that the permanent t set is 
likewise e governed by the size of the loaded area, 
The dish-shaped surface of the rock in the immediate v vicinity 
plates indicates a a cohesive medium offering resistance to shear. 


"shale around the smaller plate settled more than that around the 12-in. by 12-in. . 


4 ‘plate, it follows that there i is some “edge effect” or disturbance. S. Housel,? 


 2"*The Science of Seentndienn-ie Present and a by Charles Terzaghi, M. Am. Soc. C. E., 
Transactions, Am. Soc. C. E., Vol. 93 (1929), p. 270. 


- 3“Notes on Soil Mechanics and Foundations,” by Fred L. Plummer, M. Am. Soe. C Cc. E., ‘Edwards 


Brothers, Inc., Ann Arbor, Mich., 1936. 
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M. Am. Soe .C. E. , has taken this factor sate account in one of his older formulas 


=Am n 


in which: P= total allow: able in tons on A = area of ating, 
in square I feet; 1 = ; perimeter © of footing in linear feet; and, m and n = two 
distinct constants. . The constants can be established by considering the load 
‘causing equal settlement on two of the plates and checking against the third 
- plate load for a a similar settlement. _ This has t been done for a settlement of 0.05 
in. and the computed constants are m = 6.2 and n = 0.525. 7 The agreement 
for other equal settlements is rather poor using these exact constants but there 
js no reasonable doubt that bearing capacity is a function of area and perimeter. 

ln ‘The conclusions that may be made from the experiments on loading and 


‘settlement of test plates on this shale foundation are: Be 


— (1) Cyclic a of the foundation is not structurally important (the 
suspected plastic flo flow of of the shale under repeated loads i ‘is s small and at at a slow 


rate); 
2) Continued er of the d dam over a long interval at a : slow rate can 
be expected logically; 
(3) Careful proportioning of footings so that the larger footings carry smaller _ 
loads per square unit will prevent. differential settlement; and, eee 
— (4) Edge effect of footings are important as well as the size of the loaded - 


CORRELATION OF LABORATORY AND FIELD TEsTs 


‘Rapid laboratory tests were made t to determine shear and sliding values on 
“small samples of s shale 6 in. in diameter and about 2.5 in. . high, on 1 which was _ 
_ cast a neat sand-cement mortar cylinder of the same diameter and about the 
same height. 7 The data i in Table 2 can be compared with similar material for 
- field tests on Blocks Nos. 2, 3, and 8, in Table 1. if the normal load is plotted 


TABLE 2.—Lasoratory OBSERVATIONS on TEST Biocks 


Normal Load, in Tons per 


Square Foot 


{ Number of specimens q 1 


Average shear, in tons per square foot . 2 6.9 


against average (Item No. 2 2, » Table 2), the resulting graph to 


“4 


One Teason n for the higher ieceels test values i is that there ‘Was no 0 asphalt 


or shear values for the field tests, asnounting to an 81% ‘Slid- 
ing friction was also. low er by 28% for the field tests, for the same anole 
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At the Vickeburg three sa samples « of ere -sandpapered 
; smooth, coated with an asphalt sealing solution and a a neat sand- d-cement mortar 
block was cast u upon the top of the eshale sample. The s specimens were placed i 
’. shearing apparatus with a known load normal to the plane of contact of the - 
_ two materials, and then a load parallel to the contact plane was applied. — After 
the slight end ws was broken the coefficient of friction of the materials was 0. 506. 
_ This value i is 31% lower than that obtained by the field tests and gives a clear 
idea of the effect of irregularities i in the contact. plane i in the field tests. ee 
* The shale was subjected to eyclie loading, at an accelerated rate, in the 
a laboratory. A 6- in. by 12- -in. cylinder of shale was placed i in the center of a 
— 16-gage corrugated i iron culvert pipe 13.5 in. in diameter and 12 in. high. } The 7 
7 annular space between the shale and the pipe was then filled with plaster of 7 
7 Paris. Load on the shale area 6 in. in 1 diameter was applied through a disk 
4.91 in. in diameter. Compaction was measured by Ames gages. 
‘Two tests, for 16 and 24 cycles, respectively, varying from | no load to ‘15.2 2 tons 
1 “per sq q ft mee deformation of 0.006 in. and 0.0036 in. after four | cycles. . 7 After r 
cycles the the permanent set was 0.0084 in. and | 0.006 in. Elastic hysteresis: 4 


and elastic after « effects v were both noted in these experiments. _ . Likewi ise, it was 
F apparent that the minimum deformation occurred under rapid application of a 
load and an early release of that load. _ Since t the conditions of the laboratory 


ao 


tests were totally different from the field tests no 10 comparison is is ‘possible. - 
s Several other unrelated facts were noted in the laboratory experiments, all 
of which defy comparison w ith | the field tests - One of these was the 100% 

a consolidation of a small shale sp specimen under a load of 3.576 tons’ per sq ft. 
z Furthermore, by crushing many 6- in. cylinders | of shale, 12 in. high, a — 

increase in crushing strength was noted for increase in 1 depth at which the = 
¥ mens were taken. This same relationship held for resistance to shear. AL 


though this information “puts the final touches” to the } pictured problem, : 


a 


m 


greatest confidence is felt in the results of the field tests. Whatever else may 


_ be claimed about the field | tests, it is undisputed that errors incident to ee 
and to o duplication | of natural conditions are ‘eliminated. Itis believed that, in 
any comprehensive foundation investigation, the test ihe obtained in the 
the field. 
_ laboratory Should be supplemented by those taken in the fie aa 


-Loaps UsED IN THE OF THE Dam 


: 
tons per sq assuming correct proportioning of footings. The n maximum unit” 
loads used in the design were 9.1 tons per sq ft for the gravity type of dam and 


9.8 tons per sq ft for the round- -head buttress ty pe. | The maximum average | 
- shear resistance on the plane of ¢ contact of these two types, v with the foundation, 
was 2.3 and 3.6 tons per sqf ft, respectively. . This compares favorably with the 
"field tests of 5.1 tons per sq ft under a much smaller vertical force. ~The ratio. 

of the horizontal to the vertical forces used in design was 0.332 for the gravity 
dam and 0. 486 for 1 the round-head buttress dam. . This i is about t six-tenths of of 


the ultimate values from 1 the field tests, 0.812, = 
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DISCUSSIONS 


THE YELLOW PROBLE 


By /GEORGE Hiccins, 


E and suggestions have been furnished by the authors. - The writer suggests that. 
the entire length of that part of of the river. in Ww hich the flow i is a above the level of 
the adjacent country shall have its banks constructed to o act as spillways s. 
This means & spillway on the left bank about 465 miles long, and one on the 
right bank about 450 miles long. These are the of the 


flow of flood w waters OV er the ‘adjacent country on both sides of the river would 
benefit the land, which sometimes suffers from’ drought, ‘and would enrich it 
with the silt derived from the uplands. © Not only: that, but the r relief from high | 
flood conditions which the 1 river would experience in : conaoquenes « of the diver- 
sion of so great a proportion of the flood waters would greatly lessen the danger 
of concentrated flood w aters which now sometimes break through the levees. 
In effect, the proposal i is to follow Nature’s procedure. Heavy rains wash 
material from the hill | country into the valleys where ‘much o of the mixture of 
‘solids and liquid i is carried along. ~ Sooner or later, heavier particles will settle 
on the stream beds, raising them; and, when these beds are high enough and the 
banks low enough, overflow will occur. Generally such overflow is accom- 
panied by deposition of silt on the land adjacent to. the stream, heavier and 
coarser” particles lodging close to the stream, the finer being carried on. 
- ‘This accounts for the form which cross-sections present—gra ‘adual surface slopes. 
falling a away from the relatively ’ higher river banks. Rivers in all parts of the © 
world exhibit this natural action. 
On the other hand, if it is attempted to confine flood flows to a definite 
a paar by erecting artificial banks, the bed will continue to rise in ee 


of the subsidence of the heavier particles v which the water is carrying forw ard— 
this is the ultimate result even if, at times, the action of the current may be . 
__ _Nore.—This paper by O. J. Todd, M. Am. Soc. C. E., and S. Eliassen, Assoc. M. Am. Soc. C. E., 
was published in December, 1938, Proceedings. Discussion on this paper has appeared in Proceedings, as 
7 follows: March, 1939, by Messrs. J. W. Beardsley, and Elliott J. Dent; April, 1939, by Messrs. Herbert 
~ Chatley, and H. van der Veen; and June, 1939, by Messrs. C. S. Jarvis, ond E. W. Lane. ne 


31 Cons. Engr., Melbourne, Victoria, Australia. 
= Received by the Secretary June 16, 1939. 
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HIGGINS ON YELLOW RIVER PROBL EM CS 


scouring one. One of the most notable examples of this effect i is furnished by 

t he Po River in Italy, whose banks have had to be raised several times to keep 

pace with the higher water level due to the raising of the river-bed. . About 

5 000 000 ‘persons live on areas protected by these banks , and, whe when the banks _ 

break through | (as they have done, unfortunately), the ane are 
~“China’ | Sorrow, ” the Yellow River, carries ¢ an enormously greater pro- 
‘iil of sediment than the Ms onl the fact that much of this sediment is 

- deposited on the river-bed as a result of floods is well known. _ Were it not that 
the artificial banks have > frequently broken through, the rate at which the bed 
rises would be still more e rapid. Ww hat will happen if the levees are made un un- 
breakable? The channel wi will fill up, and, if the banks a are raised | higher, ‘the 
channel filling will continue. : ‘Terrible a as . the results of bank fracture have been 
in the past, they will be worse if still higher banks break k through. In In any case, 

there must be a limit to this bank building, 
_ The simpler plan seems to be to ) strengthen the river’s natural banks so nell | 
to make them suitable to act as ‘spillw: ays, and to let the ‘Tiver deposit s silt on ; 

- them and outside them at its natural slope—probably n not steeper than 6 i in. 
to the mile. - To a great extent, the river itself will raise its own mm banks as i 

as its bed. Man may help, hom to direct the natural action: By strengthening 

7 the natural banks; by raising them in places so as to keep the flow over the 


a crests approximately uniform i in depth; by checking any tendency for the flow : 


over the country’ s surface to qunseateale itself in 1 depressions: and cause scour i 
7 - there; by building groins or other means for deflecting | the river’ s current away 
from the bank which it may tend to undermine; by encouraging the growth of 
vegetation on the loess and other surfaces from 
_ interposing positive checks to the flow of silt surfaces; and, 
= by working with Nature. 
—— Such details as the Taising of dw ellings and providing for the safety ¢ of live 
- stock during the month or two that the shallow flooded conditions may last r may 


w ell be left to the resourceful —_ who have displayed remarkable skill and 


4 In the writer’s ‘Cplaton, the existing levees should be removed. If they 
pees they would only obstruct the even flow of silt-laden w ater over the 
of the country; and this flow is is desired. The material in in the | levees 
would be useful, in places, for the eeniening of the river banks, thus enabling 
_ them to act as ‘spillways, and also for forming groins or training- -walls i in the 


channel, 


for ‘the height of the Ww vould become ‘spillway | crests, the 


artificially, as a at the Absolute ‘uniformity of depth over 

the crests will be unattainable. — Saeest falls of rain would prevent such uni- 

formity, producing ‘‘flood waves,” as they do. _ Moreover, every large flood has — 

its ‘ ‘peak,” and: the peak passes down ‘stream . while gradually | flattening itself 


“out. 
on Earthquakes ar are known | to affect the country through which the Yellow 
River flows. — Any shattering due to this cause will be much less serious w with 
river banks of indefinite width than with banks confined by comparativ ely steep 
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levees. © Tee jams may be expected to¢ occur in the future, asi in se past, ,and the 
— ¢0 consequent ‘ ‘heaping up’ ” of water locally will have to be accepted. q 
In common with all irrigation systems, there is a possibility of the irrigated 
oh land becoming alkaline, necessitating dvolonap, whieh is not a simple matter in 
country” so nearly level as here considered ; but such difficulties, and 
probably m many others, will have to be faced. - “The « aim must be e to eliminate 
difficulties as far as possible. 
The , growth o of the delta has wnniend anxiety to many engineers who have 
studied the | Yellow River problem. — This growth would be greatly lessened if _ © 
much of the silt were deposited on the country adjacent to the river. | The 
“plains” through which the Yellow River flows for the last 500 miles of its 
course have evidently been deposited as deltas. Allowing Nature to continue 
its processes should not lead to conditions inferior to those existing before 


Man interfered. In. any case, even if it were possible to form and maintain a — 


channel between levees which will not overflow, it will not be possible to dis- 
charge all the silt into the ocean. n. A certain: quantity will be deposited o on the 
_‘river- -bed, making it necessary to raise the levees frequently. Where w would 
zs nd? It would create a channel on top of a steep embankment , rising 
higher a and higher as time goes on on! 1 There i is no ) satisfactory end to this ¢ course 
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IE UNEXPECTED SUB- 
"SURFACE. COME TRUCTION CONTRACTS 


Discussion 


By CARROLL A. FARWELL. M. Am. Soc. C. E.. 


A. FARWELL, (by letter). A subject that 


has needed more in this. paper, and its treatment by the 
author is is of much value. The writer wishes to : add 1 emphasis to the importance 
of securing, in sO far as possible, a definite ‘ “meeting of the minds” of the con- 
parties. party must that there are risks to be taken 


and that t the contract documents should allocate these tisks epi 
- It appears that, in general, the Courts s uphold the legality of ae arisk — 

Certain 

- risks, w hich 1 h may not be mentioned specifically i in the contract, are e customarily 


“assumed by the > owner—such a: as, for example, extremely | ‘abnormal weather 
conditions or river ‘floods » or hurricanes New E England). A Similarly, vari- 
- ations is in the ¢ cost of materials and labor are customarily borne by the con- 
tractor. ‘It would be better ‘if the allocation of these risks were definitely 
specified of being left in 1 the classification of ‘common practice.” ‘The 


- risk of fire may be carried by either party and the a allocation of this risk is. 


often clearly defined i in the contract through ‘a specification that ‘the con- 
tractor, or the own fire insurance. The risk involved in sub-surface 
to which the author’s paper is limited, is Sone of the major items of 


‘ construction w work a and, as such, needs needs accurate allocation. 
No. 8 states 


_ Norre.—This paper by Oren Clive Herwitz, Esq., was published in January, 1939, Proceedings. Dis : 
cussion on this paper has appeared in Proceedings, as follows: April, 1939, by Messrs. Alonzo J. Hammond, 
Frederick W. Newton, David A. Molitor, F. B. Marsh, and Evan 8. Martin; May, 1939, by Messrs. a 
Maxwell Stanley, and Francis J. Morgan and Frederick C. Zeigler; and June, 1939, al Messrs. —_— 

White, and T. Kennard Thomson. 
45 Cons. Engr. (Fay, Spofford ond Thorndike), Basten, Mess. 
Received by the Secretary July 25,1939. 


2 For reference to numerals in parentheses, see “Court Citations and References,” the Appendix 
[at the end of the paper]. 
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‘preliminary investigation of the soil, its geological formation, and water 
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al the engineer to design the wo work properly and the e contractor to determine 

_ its cost accurately * * *. It is the contractor’s duty to estimate only on 

work for which adequate preliminary information has been obtained, and 

4 for which adequate designs and specifications have been prepared by the 

7 _ engineer. He should not bid on the work until he has assured himself as 
to the adequacy of the information given him and the practicability of the 
type of construction shown in the engineer’s design 


The “accurately,” etc., are relative inter- 
"pretation involves the personal equation. — Regardless of how accurate and 
; how adequate i is the information g given, there i is a possibility of unforeseen con- 
- ditions affecting the cost of the work, and the contract documents should 
- = which party is to bear, ¢ or is to be benefited by, the change in cost. 
Moreover, in order ‘the engineer may determine what are unforeseen 
a conditions, the foreseen conditions must be shown or indicated definitely. 


has b been stated, the business is highly the 


petitive ae as for example, in the e construction of an office building 
in w hich the cost of the building affects the rents that must be obtained; and, 
if the cost is gr eater than a certain limit, the project is not financially feasible. : 
_ Therefore, the owner may consider it desirable to carry as little risk as 
: possible himself and to employ the contractor to | carry all possible risks in 
order that he may know his | upset, cost as accurately as possible. - This will 
‘usually cause the work of the contract to cost more than would otherw ise be 
‘the case; but the additional cost may be well worth while. | _ Moreover, the 
‘risk must, be assumed by some one, even if it does not appear | in ‘the cost figures. 
If it were possible to arrange for some kind of insurance to cover such a risk (as 
is done byi insurance against fire), the owner would undoubtedly be w ae i 


‘ay for it, either directly o or through the contractor. 


If it were possible to include an item in the contract entitled “, eo 
of Risk of Unexpected Sub- Surface Conditions,” it would he highly « desirable — 
asi it would call attention to the actual cost of carrying such a risk. — 

Public bodies, a: as well as private owners, often desire to kr know the upset cost 

4 of a project as nearly : as possible i in order to assure themselve es that the cost 


will not exceed the funds available; and here again the contractor may properly 


be paid { for the risk which he assumes. 
The: owner expects the engineer’s ; estimate of cost to be reasonably eovnnte, 
and the e Engineer should state (if it it is a fact) that there are certain risks which 


“may increase that cost over the estimated contract ¢ cost. This i is often ‘done 
under an item called | “Contingencies” 
= the estimate when the contract documents are executed, ‘Vawaerene 
Under certain conditions, it has been the custom in the writer’s office to 
construction ¢ contracts for bridge foundations so that the contractor 
“will be paid a a lump- -sum | price e for the foundations as built in accordance with 
“the contract plans, and be paid under another item a unit price per vertical 
“foot for the additional depth to which any pier may be carried below the depth 
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ON SUB-SURFACE CONTRACTS Discussions 
indicated | on the contract plans. This has been done on the theory that a a 
decrease in depth was unlikely and, moreover, would have little effect “Upon 


the total contract cost, whereas each foot of additional depth would i increase 


As an example of an apparent lack of clarity in the “meeting of the minds” 


in a contract for foundations, the following, which came under the close ob- 


servation of the writer, may be of interest. 
The Contract Documents included the following: 


“ART. -Changes.—The contracting | officer may at any time, by 
written order, and without notice to the sureties, make changes in the 
drawings and (or) specifications of this contract and within the general 
_ scope thereof. If such changes cause an increase or decrease in the 
amount due under this contract, or in the time required for its performance, 
an equitable adjustment shall be made and the contract shall be modified 
in writing accordingly ** 
“Art, 4. Changed conditions. Should the contractor encounter, ot 
_ the Government discover during the progress of the work, sub-surface 
and (or) latent conditions at the site materially differing from. those shown | 
on the drawings or indicated in the specifications, the attention of the 
contracting officer shall be called immediately to such conditions before — 
‘they are disturbed. The contracting officer shall thereupon promptly 
_ investigate the conditions, and if he finds that they materially differ 
from those shown on the drawings or indicated in the specifications, he _ 
shall at once, with the written approval of the head of the department or . 
his representative, | make such changes in the drawings and (or) speci- 
‘feations as he may find necessary, and any increase or decrease of oi 
and (or) difference in time resulting from such changes adjusted 


Provided in article 3 of this contract.” 


specifications included the following: 


_# “Borings. —Wash borings have been made under the direction of the 
contracting officer and of the engineer at various points at the sites of the © 
work. These borings were made in the usual manner and with reasonable _ 
- care; and their locations, depths, and the character of the material appar- 
ently encountered have been recorded in good faith on the contract plans. — 
Samples of material obtained from the e borings have been preserved = 
labeled and may be examined at * * * . There is no expressed. or implied 
agreement that the depths or the character of the material have been 
- eorrectly indicated and bidders should take into account the possibility 
that conditions affecting the cost or quantities of work to be done may — 
‘Boulders —The borings apparently indicate that boulders may be 
a encountered i in varying numbers and sizes at any or all of the —- 


ee During, and at the completion (1934) of, the work the contractor claimed, 


in effect: That the number of boulders and the quality of the sand encountered 
in the excavation was materially different from that shown in the drawings and 
indicated in the specifications; that, therefore, unforeseen and unanticipated | 
sub-surface and latent conditions were actually encountered and it was neces- 
‘sary to change the method of work; and, that, adjustments « of the contract sum 
and of the contract time should be ‘made to compensate for the extra work and 
time resulting from such changes. The controversy was finally taken to the 
Court of Claims and, in 80 far as is known to to the writer, decision i is still. (1939) ~ 
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EARTHQUAKES. AND STRUCTU RES 


By Henry D. DEWELL, M. “Am. Soc. E. 


PELL M. Am. Soc. | E. (by letter). pap paper is an 
‘and terse n of those fundamentals of the behavior of earth- 
uakes, and of structures during earthquakes that a are of ‘particular ir importance 
the structural engineer. In Section I, Mr. Galloway has quite properly 
shied | the complexity of the earthquake and of the problem of giving a 


‘The writer” believes that the statement: (see heading: : “Earthquakes and 
Their Effects: Relation to Structures’’), “Tn the case of ‘high, narrow structures 


the vibration period i is | s often close to that of some | ne of the maximum waves and, 
‘unless the structure is well designed, serious damage will result if the shock i is 

_ of long duration ,” should be amplified. The danger of resonance is not confined © 
= to high h and nalTow s structures; neither i is it at all | certain that only the maximum 
earthquake waves are dangerous to structures. . Herein it is understood that. 
by the term “maximum earthquake -waves’” is meant the transverse ‘waves 


that have the greater amplitudes. — If the periods of the e earthquake and the 


building: are substantially in ‘agreement, serious damage will undoubtedly 

occur, even en if the shock is of short duration; consequently even _ de- 

P= structure will probably suffer seriously. After all, the term ‘ ‘well: 

designed,” when ‘used in connection with ability to. resist an earthquake, is 

7 4 ‘the relative. The writer understands that, as used, it means a construction 

with the structural units well arranged, designed for ample dead loads and live 


loads, with conservative unit stresses, 3, with walls built with the s struc 


“sufficient capacity to develop the full strength of the ‘members connected ; and, 
in 1 addition, it means that the st structure has been « designed | to resist a a deutieiie 


fol 


Received d by the June ‘16, 


_ 
R 
joy 
— 
. 
+ 
: | 
: 
Zz 
ows: March, 1939, by Messrs. Homer M. Hadley, and RK. Beanheld; April, 1939, by Messrs. 
, & S. Chew, Jacob J. Creskoff, and Arthur C. Ruge; May, 1939, by Walter L. Huber, M. Am. Soe. C. E.; Bes Se. 
June, 1939, by A. A. Eremin, Assoc. M. Am. Soc.C.E. 
= 


~ EARTHQUAKES AND 


Mr. Galloway has correctly stated (see heading “Earthquakes and Their 

Effects”) that, ‘The foundation material is the important element. of the 

movement Lof the ground in an e earthquake]. Solid rock moves: the least; ; deep. 
alluvial soils saturated with water * * * will have the greatest movement.” a 

Lest inference be drawn from this statement that damage is always oe 

7 7 when the structures are founded i in alluvial soils than i in harder o or diluvial soils, 

it may be mentioned that in the 1923 Tokyo earthquake the damage to brick | 

~ and concrete buildings was greater to to those buildings situated on the up- town 


- diluvial soil than to similar buildings situated i in the down- town soft alluvial 
R. R. Martel, M. Am. Soc. C. E., states*! thet: 


_ &* * * somewhat similar results were obtained from a a study ¢ of effects 
of the Long Beach earthquake of 1933. There the damage to brick build- 
ings located on the softer, more recently deposited alluvium with ground — 
water from 2 to 10 ft. from the surface, was less than to similar — 
on the older, more firmly consolidated marine terrace deposits with pose 


water not so close to the surface.” 

Referring t to the relative accelerations i in 1 soft and hard grounds, he aptly states, 
“for one earthquake the flip of a coin will furnish as satisfactory a guide | as 
‘any in forecasting the relative accelerations on different materials. 

foregoing statements are illustrations of the often observed. phenomenon, that 
_ almost every rule or law of earthquake action on structures has some exceptions” 
_ which are apparently inexplicable, 


Referring to the pos ssibility of resonance, Professor Hoskins states (heading 
“Conclusions from General | Theory of of For orced and Free Oscillations’) that to 


* it be necessary to have full knowledge * regarding 
-free-oscillation frequencies of actual buildings 
“As regards the second question, it is obvious that the designer is 
‘pow erless to avoid the dangerous condition unless he is able to estimate 
in advance the natural oscillation frequency of any projected building. 
_ Of great value for this purpose would be data concerning actual oscillation 
periods of many existing structures so selected as to serve e as types. a 


In this connection Mr. Galloway has noted (heading: “‘Karthquakes and 


+ heir Effects’’) that “The Earthquake Committee filed with its report the 
_ vibration periods | of a number of buildings in San Francisco * ee, Other 
- data of similar kind have been published.” may be Ww ell to amplify Mr. 
Galloway’ s statement by noting that from this rather small beginning of the 
Earthquake Committee resulted the extensive program « of measurements wae 
periods | of buildings, bridge piers, water tanks, and dams, by the U. S. Coast 
and Geodetic Survey, the results of which have been published i in the Bulletins 
of the Seismological Society of America and are summarized in the Survey’s 


a2 


© 


Vibration of Structures and and Method | of It,’ 


Soil Mechanics and Foundations Division, San Francisco, Calif., July 26, 1939 (not published). = t 


7 Ne _ Unpublished Report of the Special Committee of the American Society of Civil Engineers on Effects | 
of Earthquakes on Engineering Structures with Special Reference to the Japanese Earthquake of September 
a © 1923. ie ence for reference at Engineering Societies Library, 33 West 39th Street, New Y ork, N. Y. 


Effect on Foundation of Earthquake “Motion,” R. R. Martel: meeting of the 
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Publication No. 201, Investigations i in California, 1934-_ 
1935.” In all, the made about 1 200 observations on 400 


machine on dams, and bridges, the foundation gr ground 
“ "Because of the complexity, intricacy, and the length of mathematical work 
for the solution of the stresses in any but the most elementary forms 
of structures when subjected to even simplified types of vibratory motion, the 


writer that. the greatest gain in current knowledge of earthquake. 


7 ian possible, of those static loads which may be used as en 
‘equivalent of the dy: reamie earthquake shears for buildings of different shapes, + 
4 heights, and mass distrib ution. _ Valuable work in this field has already been 
done by Prof. Lydik §. Jacobsen in the Vibration | Research Laboratory at 
: Stanford University, Professor Martel at the California Institute of Technology, | 
| at Pasadena, Calif., and Prof. . Arthur C. Ruge at the Massachusetts Institute | 


4 of at ‘Cambridge, Mass. ‘Some of the results of their work have 
_ been published f from time to time 1 in the technical press. ; Of particular interest — 


are the experiments! 2 of Professor Jacobsen on a model of a 16- -story and a 29- 
_ A . special type of ‘structure st studied by th the writer, , acting as a member of M Mr. 
-Gallow ay 's Earthquake Committee,* as the tall, free- standing chimney. 
Sufficient data were available, pment the courtesy of the Japanese members 
of the Committee, on the behavior of a large number of these chimneys during 
the Tokyo earthquake of September 1923, to warrant a study. ~The writer 


“endeavored to correlate the location of the fractures i in these chimneys with 

the theoretical locations w when ‘computed according to the. impact theory pre- 7 

sented by | Professor | Le Conte’? in 1926 using assumed ground accelerations 

thought to be . reasonable. Conversely, he computed the ground accelerations 

theoretically necessary to cause the fractures that had occurred. In these 

computations the formulas developed by Professor Le Conte were modified — 
_ with the assistance of Walter Ruppel, Assoc. -M. Am. Soe. C. E., , to o adapt them 
to the case of a tall,  free- -standing chimney, of truncated form, considered to 


act integrally w vith its: foundation, the latter usually massive 


— 


The results of the investigation of the chimneys were e neither con-— 
sistent n nor ‘Teasonable and the w riter came to the conclusion, that the action 


_ 3%‘*Experimentally Determined Dynamic Shears in a Sixteen-Story Model,” by Lydik S. Jacobsen, _ 
and Robert S. Ayre, Jun. Am. Soc. C. Bulletin, Seismological Soc. of America, Oc October, 1938. 


7 **The Stresses in a Free Prismatic Rod Under a Single Force Normal to Its Axis,”” by J. N. Le Conte, 


Transactions, Am. Soc.C. E., Vol. 


— 

. 

__ground observations. A portable ground and building shaker was developed 

other engineering structures subjected to artificial vibration of predetermined 
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may questioned whether there is any earthquake phenomenon corre. 
sponding to a sudden blow or an impulsive force. it has been ascribed by ; 
some to the first longitudinal waves of the earthquake as | distinguished from 

the large » transverse waves which result in the violent swinging g of structures, — 
Seismographic records, however, have not generally indicated any such violent — 
longitudinal waves. Possibly the sudden transition from the preliminary 
_-vibration of the earthquake wave to the first violent swing of its major portion — 
might produce, in effect, a sudden blow. 
a ae few years ago the writer’s s office had occasion to investigate the earthquake 
resistance of a free-standing, reinforced concrete chimney, 222 ft high. The 


theoretical resisting moment of the chimney was ‘computed assuming that it 
- would fail when the stress in the reinforcing steel reached 30 000 lb per sq in. 


— 


In like manner, the shearing resistance of the chimney was computed assuming 
that the concrete would crack when it was stressed beyond 50 lb per sq in. in 
q 


shear. Moments in the chimney were computed by the formulas of Le Conte . ‘ 

and of Hoskins, using an assumed acceleration of 0.29 and ratios of the period — 4 

4 

of the earthquake to the natural period of the chimney of 1.25 and 1.50. . The os 

curves representing the results of these computations are shown in Figs. 9 and ; a 

10. Referring to Fi ig. 9, the moment curves, it will be seen that the zone - = 

| 

a 

4 

: 


| 
| | | | 


which the active moments exceed the resisting moment is essentially the same od 


7 for both the impact moment and the vibration moment. It is true that the 
excess amount of earthquake moment over the resisting innit is greater | for 
7 the impact m moment curve than for the vibration moment t curve, although @ a 


not greatly different assumption of earthquake period and acceleration would 
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have produced a a larger earthquake moment. For example, a ratio of ae 
of 1.00 instead of 1.25 would throw the vibration moment curve farther 


Zet the curve of ie cairo is also to be observed from Fig. 10, 


Steel and —— 


-T,= Natural Period of Chimney — 
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“Rie. -10.—Snear Curves 


showing the shear curves, that the e theoretical zone of over stress is s essentially 


the same as that dstormined by the moment curves, although the over stress. 

of shear is very much less than that of moment. eed 
For: many years engineers generally - accepted the stated conclusion of the 

Japanese s seismologist, the late F. Omori, that free-standing chimneys usually 

broke at two-thirds their height, and that their action during an earthquake | 

into play: their centers of pr percussion, ‘although the center of 


"percussion of a chimney | of the usual truncated form is nearer one- half its me : 
than two- thirds. ‘Indeed, the term “center of percussion” came to be associated 
with tall, free-standing chimneys and it was even thought by some that the 


value of acceleration should be. doubled when used in the design of chimneys 


provide for the effect of impulse. 
In 1929 at the W Vorld Engineering Congress, I. Hir Hiroi, a late te Superintending 
which 


Engineer of the Home Department of Tokyo, presented a@ paper in 


“Ot over 240 taller than 50 0 ft * more than 110 — 
totally wrecked, and over 40 seriously damaged. It is remarkable that | 
the point at which the rupture took place was almost anywhere in the _ 

whole height, contrary to the old idea that it should be at two-thirds the 


by Hiroi, 


mi ‘Prevention of Damage to Engineering Structures Caused by Great eatin 


7 Paper No. 117, Proceedings, World Eng. Cong., Tokyo, 1920, Vol.9, p.25. 
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height int in tall chin . The determination of the dimensions of a chimney 
sufficient to resist the actions of great earthquakes is not simple; but when 
proportioned by supposing the acceleration at the lower end to be equal 
_ to that of the ground, (say 3 000 m.m. per second per second), and assuming _ 


it to increase by 50% nearer to the top, it would be strong enough i in most 


‘ eevee rather than of impact, ‘and results from failure i in 1 moment or r shear, 
or a combination of both. be recognized that t tall, free-standing 
_ chimneys, both of brick and of reinforced concrete, are special types of of struc- 


tures that a are inherently vulnerable to o earthquakes. 
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-PROPOSED IMPROVEMENTS. FOR 
- LAND ‘SURVEYS ANI D TITLE TRANSFERS 


Discussion | 


By GeorcE D. “WHITMORE, M. Am. S ‘Soc. Cc. 


GEORGE D. Wr HITMORE, M. A Am. Soc. E. (by | letter). The ‘author has 
"presented the case for better land su surveys ; and title transfers qu quite e clearly and 
convincingly. _ The writer, a practicing land s ‘surveyor, whose area of activity 
extends into several States, finds little to question or dispute in Professor 
Kissam’s summary of the situation. 7 Changes in land-surveying and title- 


proving procedures must come, and are in fact already ante beginning, along y 


lines suggested by the author. 
There seems to be no question bet that surveying equipment, ‘skill, and 

~ techniques have been developed which , if applied, would largely eliminate 
land-boundary difficulties. The real problem seems to be that of bringing 
the equipment, skill, and techniques into general use. The Joint Committee 
of which the author is a member r may find that there is : relativ ely little difference 
of opinion as: to what should be done; but ut they may find a discouraging amount - 
of inertia in trying to get the procedures : actually used. 
would seem that the Committee should organize itself for a long-range program 
‘of two parts: (1) Relatively simple (and apparently well advanced) to get 
agreement on sound basic procedures between the legal and e engineering pro- 
fessions; and 1 (2) (and much more difficult) to to get these procedures ompien and 
‘into. general practice. 


‘There i is one matter which the author's summary does not seem cov er, 
and which seems to the writer to be of greatest importance in the matter of 
improved land surveys— —that is, ah een in the accuracy of the surveys — 
and resulting ‘descriptions or plats. Accurate co- -ordinates- will permit the 
accurate: replacement of any ‘lost corner by means ns of routine e surveys; but they 
are a result of, and not a cause of, accurate s surveys. | Hence, ‘it seems to the 


“writer, that more emphasis ; needs to be placed on accuracy of the surveys, 


P 
a 
—_, Nore. —This paper by Philip Kissam was published in April, 1939, Proceedings. This discussion is 
printed in Proceedings in order that the views expressed may be brought before all members for further 
discussion of the paper. — 
§Chf. of Surveys, Maps and Surveys Div., TVA, Chattanooga, Tenn. 


5 Received by the Secretary June 13, 1939. _ - 
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WHITMORE ON TITLE. ‘TRANSFERS Discussions 
whether these be control surveys, boundary or traverses connecting 
control surveys to the boundary surveys. | It i is” the writer’s belief that 80% 
to 90% of the trouble which s surveyors now have i in n trying to: re-establish lost 
or obliterated property corners would be eliminated if the original ead 
‘surveys and deed descriptions had been accurate and free o of blunders. — If, also, 
all the accurate s surveys had been tied together : and computed ona Siete wide 
co-ordinate system, there would be practically no difficulty of any kind in 7 


re-establishing lost corners. In other words, the simple requirement - 


boundary surveys shall be co-ordinated through | traverse connections to co- 
ordinated control ‘points, although of the greatest importance, ‘is not in itself lf 
— must be the requirement that these. be of a cer- 
= degree of accuracy and blunder-free. 
_ he outstanding proof of this contention is the difficulty, almost ev every rywhere 
a of re-establishing in their original locations the township, range, 


section, and 1 quarter-section corners 0 of the older ‘publie- land surveys | of the 
7 United States. These old subdivision surveys practically co constitute in them- 


selves a series of co-ordinate Systems. _ Had the original surveys a all been made 

- with the same degree of accuracy, there would be relatively little difficulty in s 
-establishing the original locations of lost corners from the bearings and 
- distances alone. e. The principal difficulty is that the old surveys, many of them a. 
by incapable contractors without proper supervision or inspection, 
were not of uniform accuracy, and also that they had ‘more than their share of q 

blunders. It is obvious that, co- -ordinated or not, accurate original land sub- 


‘division surveys would eliminate most of the modern surveyor’s difficulties in 


important point, from a public relations is that sur- 
veyors should t be careful to see that all published measurements and co-ordinates: 
of the same course or point are in n agreement. This has been stressed by A. H. 
Holt, M. Am. Soe. C. E. ‘ To illustrate by a simple case, the writer saw con- 
7 siderable Tidicule heaped on two > reputable surveyors several years ago because 
_ they | showed different distances for the same course on two adjoining record 
- plats. The cot course in question 1 was about 900 ft t long; it was flat, open, and in | 
7 every way conducive to accurate taping, and was the dividing line between 
two new building- lot subdivisions in a large Ohio city. Later inv estigation 
revealed that Surveyor A, whose tract was subdivided first, measured this 


eo on a hot summer day, with his ; tape supported flat on the ‘ground, and — 


stretched under high tension. .f Surveyor B, whose tract w was subdivided the 
following \ winter, measured the same course, at a temperature just a a little above | 
ero, with the tape suspended 2 or 3 ft above the ground, and stretched under 
gs relatively low tension. The two distances thus determined od by the two sur- — 


__ veyors differed by nearly 1 ft: yet both did accurate field taping. If the original 
ee -computed distances had been corrected in the office for - temperature, pull, ’ 


Vaid 


and sag, the two final distances as determined by A ‘and B would have agreed 
thie a few hundredths of afoot. Publishing of the two uncorrected, different 
distances caused considerable confusion ridicule from, public 


officials and others who had to use the two plats. 7 “ahs eas 


: $**Trends in Boundary Survey ing,”’ by A. H. Holt, Civil Engineering, June, 1939, P. 359. 
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By MESSRS. L. — AND. Eric PETERSON 


H. NisuKran,” M. Au. Soc. C. E E. (by letter). a__Many experienced 
structural engineers have long recognized that, generally, ina a redundant 


_ structure those > structural e elements best able to resist any given set of forces 
will ultimately carry the major part of the load if the a, is sufficiently © 
loaded. (The term “redundant structure” as used herein does not necessarily 


‘mean a ‘structure with more than the ‘minimum number of members. A 
‘continuous beam or other indeterminate : structure v where all members or all 
parts of the same member are not worki cing at equal efficiencies would be 
redundant within the ‘present meaning. ) In other words, within the elastic 
limit, Toad distribution i is s based | on a the principle of relative rigidities, renee 


a basis of 


peer 


relative re strengths. 
occasionally i is used by a “this idea has not been in 
engineering literature, at least not ey ye Very ably, the paper deals 
with this subject and its logical corollaries. — " res 
Ihn January, 1939, ‘the writer observed an accidental condition i: in a coffer- ; 
dam which, under the usual assumptions of design, should have failed but did 
not. “Fig. 38 shows this coffer-dam as ‘designed an‘ and built. 3 38(b) shows 


a the loads on on 1 the wales Saar from the w: water pressure ¥ when pumped out toa 


38, was s caught the lower en end of the ‘vile with the result that end 
pushed down, twisted, and entirely disengaged from Wale B. : In other words, 
the ‘Sheet- piling caught at Point a, Fig. 39; the lower W ale A bent down; and 

q the ¢ connection at Point c was beuhen loose, removing all support at the — + 


Nore.—This paper by J. A. Van den Broek, M. Am. Soc. C. E., was published in February, 1939, = 
_ Proceedings. Discussion on this paper has appeared in Proceedings, as follows: May, 1939, by Messrs. 
John H. Meursinge, I. K. Silverman, Edward Godfrey, Basil Sourochnikoff, E. Mirabelli, C. M. Goodrich, 
George Winter, and Francis E. Simpson; and June, 1939, by Messrs. Joseph A. Wise, Alfred M. Freuden- 
Hans H. Bleich, Alfred S. Niles, and A. Floris. 
Cons. Ener. San Francisco, Calif. 


the Secretary May 23, 1939. z 
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- Loading on Wale B at Elastic Limit 


5" 


LOAD'S 
9550 Lb per Linear Ft 


24 000 FtLb 


14 Ft Thick MOMENT DISTRIBUTION: ? 


IN SHEET-PILING AS © 


DESIGNED 
‘Fie. 38. —PLan or CorreRDAM 
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; of Wale: Be Ww ale A | was so connected to Ww ale B that it t acted as | a column to 


tapes 


tl take the end reaction of Wale B— bout 185 kips. This accident was not 


‘noticed until the » water was pumped « down to the level below the lower wales— 


Wale A / 
I at Level 1 
| Dotted Line ce 


Wale in Deflected 
— Position 


on Wale B at Elastic 


— 


“Ty 


Loading 


1340.4 Ft-Kips Resisting 
_ Moment of Wale B at Elastic Limit =| 
Moment Diagram For 
the Loads Shown 


Wale B 33-In. WF 141 Lb 


“Fic. 39. 1, Fic. 38 


about ; Elevation — 20 ft. 20 ft. W ith the water at this level, the load on the wales 
-at Level 1 was more than 95% of the maximum load when fully pumped out. 


W ith Wale A pushed out of the wa WAY, Wale B had no end support and asa 


Checking the a of Wale B to: carry this load was 
; found to be entirely inadequate, even when using stresses of 36 kips per sq in. 


The capacity of the sheet-piling then was checked, assuming it to span from the 


fa 
~ 

| 
| — 
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| 1593.55 FeKips — 
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cussions 
— 
top wale to the tremie concrete and assuming the lower end fixed. This also 
was inadequate. at 36 kips per sq in. ne Adding the maximum carrying c capacity 
of the sheet-pile and Wale B, acting as a cantilever » both | being s stressed to the 
elastic limit, it was found ‘that the resulting combined carrying capacity was 
still less than the water pressure acting on the coffer-dam. _ By all the ordinary 
_Tules, Wale B and the sheet-piling should have have collapsed. — Measurements is at the 7 


130 Ft-Kips 


(a) LOADING ON SHEET- PILING, IN POUNDS 
FOOT OF ' WIDTH 


(b) SHEET- PILE ASSUMED SPANNING FROM 


WALE AT ‘NO. 2 


end of Wale Bi showed : a horizontal emmy in excess of = elastic deflection oll 


of the steel. This corroborated sreviows that the sted 


would be stressed beyond its elastic limit, but did not explain why it did not 


ed by the 
author. he first two sheet- piles to o yield mo- 
ment (never more than the resisting moment of the section at , the elastic limit) 
at the tremie support became equal to the positive moment in the sheet-piling, 
and the remaining load was taken by Wale B as a cantilever, it was found thats 
balance would be struck although both im  Sheet- piling and the wale would be ; 


strained beyond their elastic limits. Figs. 39 and 40° show ‘the moments 
resulting under this assumption. "Fig. 40(b) demonstrates that. a resisting 
7 moment of 192 ft- kips, within the elastic limit, is necessary to resist ; the c loading 
given in Fig. 40(0). if a greater efficiency i is effected by exceeding the 


moment of 130 ft- Kips at the elastic ‘limit to avoid failure. Since the 
‘resisting moment at the elastic limit is only 115 ft-kips, a reaction of 3 040 lb 
(as indicated i in Fig - 40(d)) must at W ale Fig. 38, to 
g. 40(d), w was , determined by the 
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| “this 93 kips and i increase the 23 750-lb reaction at the second sheet- -pile. 4 “An 


Wale ‘Actually Fara elastic deflection of Wale B 


examination o of the coffer-dam showed that the first three sheet- piles had been > 


noticeably deflected, whereas the fourth was quite straight. os 
_ The author has presented a worth-while paper. A careful study o of ~~ 
ideas presented will lead to a more realistic understanding of the actual behavior 


BG . Eric PETERSON, Esa. (by letter). *““—Tnasmuch as as it focuses atten- 


- tion on possible revisions of design theory now used in engineering | practice, this . 
paper is a valuable one. Considerable study and much experimental work | 
is necessary before tl the “Theory of Limit Design” can be accepted in actual — 


design. The writer appreciates the n new field of research opened by Professor 
Van den Broek’s treatise. 


‘Head of Load, 2P 
Machine 


3.46" 


The following dente te confined to “theory” as to beams 


and gives the results of tests applied to a beam resting on three supports. A 
: test was made by the writer to determine the actual behavior of a continuous 

beam on three supports w then subjected to the action of two concentrated loads’ 

as shown i in Fig. 41(a). _ The position of the concentrated loads was such that 


Tr moment over the center support, as determined by the principle of con- — 
- tinuity applied to an elastic structure, was a maximum. . Before cutting the 


beam to the desired length a short piece was sawed out and submitted to the. 
usual tensile test, the results of which were 38 600 lb per ~ in. for the yield 
point and 61 700 lb per sq in. for the ultimate strength. 


| ae Referring to Fig. 42: For stresses below the elastic limit mee moment over the 


center support and the moment under the concentrated loads will equal, 


Instructor in Mathematics and Univ. of Minnesota, Minneapolis, Minn. 
a Received by the Secretary June 30, 1939. di iene 
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resisting moment at the elastic limit of the sheet-piling (115 ft-kips). 

a , AC was drawn in such a manner that the moment intercepted at the center ae 

was also 115 ft-kips. This can be produced only by a reaction of 3 040 Ib at a. 

hown reacting 93 kips on 
| 
| q 
= — 
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| 
of A (b) ST wo 3-In Channels @ 5.0 Lb q 
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From the foregoing yield point st stress, the of 
beam, it is found that the maximum resisting moment of the beam with no_ 
stresses exceeding the yield point is equal to 7 720 ft-lb, », corresponding to at a tota 


load of 13 400 lb, or 6 700 Ib on each span, asl b 


oad on Each Span, in Thousand-Pound Units 


°o 4 8 6 0 4 8 


Fie. 


According to Professor V an den Broek’s theory the moment over the center 
“support would reach a certain maximum and then remain constant at t this value 
with increasing load until the moment under the loads reached this same value, — 
at which time the beam base fail. From the test made by the writer this does 
_ not seem to be the case. _ Professor | V. an den Broek acknowledged the fact that 
the ‘negative moments. at the | supports ; of his fixed beam increased somewhat — 
as the load i is increased. ‘The w riter believes frc from his test that as th the load i is 
4 increased the positive moment under the load and the negative moment at the 
Supports i increases: appreciably until the failure load is reached. course, 
after the extreme fiber at a section has reached the yield point the resisting 
7 moment at this section increases more slowly but will not reach a constant value 
until failure defined as continued deflection without increase in load occurs. 
At this p point the critical sections act as elastic hinges. 


A ‘separate test was made on a beam 5 ft of the same Cross: 
hen a single concen 


"deflect without appre s 
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September, 
750 lb. 
d the yield ‘point before: failure but it i 


- at the yield point stress bi but has not begun t to approach the ultimate cual. 4 
Assuming that the moment over the center support and also under the loads 
could reach this value of 9 750 ft-lb before deflection w ithout increase in load, — 
the load on each span could be 10 500 lb or the total load 21 000 Ib, This” 
‘value i is in close agreement with the test made as the maximum load was found 
to be somewhat more than 20 000 Ib, 
a The beam was loaded as indicated in Mig. ie. Mo each load increment. a 
strain gage readings were taken, four at each of the three sections A, B, and C, 
using a 2-in. gage. — ‘The graphs of ' Fig. 42 show the: strains at the extreme fi fibers 
corresponding to the loads. The solid lines show the measured s strains; and 
appear to be somewhat smaller than those computed from the loads 
= indicated by the testing ‘machine, probably attributable to the fact that the 
strain gage records average strains over a distance which has a varying bending 
7 ‘moment. _ Furthermore, the gage points were placed at the edge of the flanges 
and therefore a little closer to the neutral axis than the extreme fibers. The 
vertical lines at D, E, and F, Fig. 42, indicate the yield point s' strain (approxi- 
mately). . The line L H is the computed load strain line at Section B up to a 
oad of 67 700 Ib. At Point H the extreme fibers at Section B have reached 
- the 3 yield point. Lines K Gand M I represent the load strain line for Sections 
A and C, respectively. If the moment at Section B remained constant when . 
thee extreme fiber reached the yield point t the ] load strain curve at Points A and C, 
= 


«Rg. 41(a), would be as G D and J Q, respectively, | up to the yield point strain 
of the the extreme fibers at these sections. . However, since Section B gives an 
- increasing resisting moment beyond this point the strains at Sections A and C 
would i we less rapidly and would follow curves similar to G R S and I T V 


‘instead. -oints S and V , Fig. 42, are on a horizontal line at the theoretical 


‘maximum re ad and are obtained by neglecting a a section 0.5 in. above and below 
the neutral axis. Thiss section has a ‘moment of inertia ak about 0} one one- ~hundredth 
oft the total section. 


_ Applying a factor of safety of 2, the maximum total load would ™ 10 500 Ib 
- (ealeulated) 0 or, the | load P on each span would be 5 250 lb. Note that the load 
[~~ to cause a a yield- -point fiber stress at the center support is 13 400 Ib: or 


bout one- ane See, Allowing a maximum fiber stress of 18 000 lb per 
haa (w hich i is common practice) the allowable total load would be P = z 


= 6 250 lb, or 3 125 lb on each span. This load allows a factor of safety of 
about 2 for a yield point stress of 38 600 lb but a factor of safety of 3.68 for the 
structure a Ww hole. Tt would thus seem that for statically indeterminate 


structures that the theory of limit design shows that higher loads can be used — 


| ‘The Case of a Uniform Load Over Three Supports.— —The e ordinary theory and 
the e theory of limit design is applied herein to a uniformly distributed load using 


the same beam and the same span lengths as in the preceding example (see 


41(0)). In the ordinary of design, assuming a maximum stress of 
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we 
18000 Ib per sq in: M:=M,=0; 4M,=—“" and, 


In the theory of limit design, the section was found to 0 resist 9 750 t-lb of 
moment before appreciable deflection occurred. Assuming that M, “reaches 
q this value, the minimum load per foot meuieiad to cause the same positive — 

moment at some point in the beam, is obtained as follows: R, = ————— 


=3w—1 625. The moment a at any point in the beam is 


Setting Equation (27c) to. 750 ft-lb, w = 


_ 3250 (6 (19 500 + 32502) (6-22) | 


gives a minimum value of w = 3160 1b. The value of =1(V2—1) found 


herein holds for any maximum resisting moment of any beam of two spans of 


equal length on three supports, 
_ Applying a factor of safety of 2 to this load results in a safe load of 1 580 1b 


7 perft. The maximum deflection Ww ith this load is approximately 0.12% in. Since | of 
: this load is almost sufficient to cause yield-point stress over the center support. su 


to 1 200° Ib it is still 50% greater than the value obtained by 1 the e customary 


“method. * Note that, in this method, the concept of stress did not enter. _ oie | 
2 _ The The writer wishes to acknowledge the ‘suggestions and assistance of Paul 


Andersen. Assoc. M. Am. Soe. C. E. yin ‘the preparation of this discussion. oe 


the practicing engineer might wish to reduce it. However, even if it is reduced | ; rn 
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SIXTH: PROGRESS REPORT OF SUB-COMMITTEE NO. 31 
COMMITTEE ON STEEL 
OF THE 


— 


Discussion 


MESSR ARTHL RTHUR HAYDEN, ROBINS: FLEMING, AND 


| Arman Haven,” M. Soe. E. (by Present knowledge 


such as the face of a tall building, is inadequate. : How ever, it is 3 not proper ‘to 
conclude that, asa consequence, the “refinements of mathematical analysis 
‘suggested in the Report are of little more than academic interest and that 
- further study a along such lines would be of little practical value. 

Older designing engineers in the’ profession can readily recall the ‘period 


when building | frames we were re designed v with no 0 regard f se the effects of continuity 


advance of building construction compelled a revision of design processes be- 

‘cause instances of disconcerting defects “multiplied. . Although | they did not 
i result in complete failure, these defects sometimes resulted i in loss of tenants 
a pn entailed expensive repairs. — Tall building construction of to- day v was made 
possible only by ‘a critical analysis of out-moded design processes and subse- 
q aa refinements in mathematical methods. | The question now is whether 
design “processes” have reached a stage that would warrant a discontinuation 
1 of mathematical investigations, s such : as are presented in the Report, until 


be investigations relating to wind Pressures have “caught up,” ‘as some engineers 
De. Even w when t the latter field has been thoroughly ; explored and complete dute 


% on wind press pressures are at hand, the element of judgment will not be eliminated. 
The rules for intensity of wind pressure to be used in design in connection — 


7 or - Note.—The Sixth Progress Report of Sub-Committee No. 31, Committee on Steel of the Structural 
ivision, was presented at the meeting of the Structural Division, New York, N. Y., January 19, 1939, 7 


and was published in June, 1939, Proceedings. This discussion is printed in Proceedings i in order that the 


_ Views expressed may be brought before all members for further discussion of the report. ita) i 


Cons. Civ. Engr., New York, N. Y. = 
* Received by the Secretary August 2, 1939. 
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IND BRACING “IN STEEL BUILDINGS Discussion 


with assumed worki ng stresses will, still be arbitrary. 


ime ‘in ‘N evertheless, the value a 
‘of continued tudies of processes” of mathematical analysis v w vill not be di. al 
minished. The more elements of doubt th that are. removed—so much the closer 
‘The work being done by the Committee is the issue as to which Fst 
4 elements of design are important and w hich can safely be neglected 1 in particular gl 
. “cases. The result w will be a safe and sane ne simplification « of some of the current ol 
“processes. A further advantage will be an increased knowledge of the struc oy 
, tural action of tier buildings so that designers will develop that intuition w ith- a 
7 _ out which mathematical processes are like tools in clumsy hands. When more : a 
ls learned about the correlation between wind velocities a and wind ‘pressures, | 
a about. wind gusts and vibration and about allowances that can be made for the ; a 
walls within the frame, the results of the present field of investigation 
“permit the designer to take better advantage of the new knowledge. _ Uniform | 4 a 
_ advance along the entire front would be an advantage but structural designers. fe 
have not y yet t reached s such an id an ideal stage of planned economy eee - 
-Rosins FLEMING,® Esa. (by letter). ®2_Those interested in wind action on 
buildings will find this Report valuable. Each of its four divisions treats a} 
phase of the subject i in a masterly manner. Emphasis i is laid on finding wind 
~ reactions in a framed structure before attempting to find wind stresses. A_ ot 
_ just criticism of conventional methods is that the wind is assumed to follow 8 
a ‘predetermined ps path a, regardless of the stiffness of members through which it V 
must pass. A of obtaining “K- -percentages’’ en = stifi- 
“ness of me The method of stress analysis on “K” values 

could wel ell ‘have been prefaced by a brief outline « of other methods. — I & 
presenting the slope- deflection method mentioned in the Report,” Pro- 
: _ fessors Wilson and Maney reject the cantilever and portal methods (the 80- 4 
called Fleming methods) presented* by the writer in 1913. "Subsequently, this | 
material was rewritten in better form. In 1912 the writer used the ‘portal ] 
method i in the design of an eighteen-story building i in Atlanta, Ga. One year J ¢ 
7 later he used the cantilever method in designing a twe enty -two- -story building ; , 
in Philadelphia. The is impracticable in the actual 
design of tall buildings, 


The method of K- -percentages (heading: ‘‘Determination of Column W ind 
Reactions from Member Stiffnesses: Basis of W itmer Method of K-Per- 
a centages” yi is practicable and has certain 1 advantages ov over many ny other methods 
that have been advanced in the past ten or or fifteen years. _ Like the others, it 


requires a preliminary design. _ The query is raised:- W hy not ‘make a pre- 


— 


Structural Engr. (Retired), New York, N. Y Y. 

= Received by the Secretary Juiy 15, 1939. ae ius 
2 Bulletin No. 80, Univ. of Illinois Eng. Experiment Station, U rbana, Ill. 
31‘*Wind Bracing Without Diagonals for Steel-Frame Buildings,” by Robins Wheaton Engineering . 

News, Vol. 64, March 13,1913, p.492.00 


ay ind Stresses in Many-Storied Buildings, a” by, Robins Fleming, Engineering, Vol. CX XV, May 25, 
1928, p. 625. See also ‘‘Wind Stresses in Buildings,” by Robins Fleming, John Wiley & Sons, Inc., New 
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liminary design by one of the conventional methods, say, y, the portal. 

: andre revise it in accordance with the stiffness of members, especially of ae 
The “Witmer” method, it may be called. rey 
9" The percentage in variation of wind pressure to be assumed, or of unit 
stresses to be used, as given in different building codes is as great as, if. not - 
greater than, the “error” in determining wind stresses. In the building ‘codes. 
of cities the permissible loads to be carried by the floors of commercial buildings 
vary as much as 50%, and occasionally more. __ Again, masonry walls betw een 
columns, con concrete floors and tile partitions, offer a greater resistance to wind | 

than the steel frame itself. quote D. A. Molitor, M. Am. Soe. C. 


“Th the face of these facts, what useful | purpose can be served by oueete 
methods of stress analy sis?’”’* It is interesting to note from the Report that 
the « effect of column deformation as calculated i in a tw enty- six- story bent with 

8 a height- to-base ratio of 5 to 1 w as ‘searcely appreciable; and, that the peng 

formance of the bent was is substantially ‘ “portal.” 

In their consideration of the torsional effects of wind on buildings, the 
/ Committee touch on a phase about which little has been wri written. . After | the : 
Florida hurricane of 1926 it w as observed that an entire e structure twisted 
Be ssa one end was stiffer than the other. “ The same tendency i is present w hen 
‘the pressure on a a face is not uniformly distributed. — The center of pressure in 
doth ea cases is eccentric v with the ¢ ce nter of resistance. In ‘most buildings the 

subject has only academic value. For tall buildings of rectangular shape, 

_ where the length i is much greater than the w idth, it is w vell to consider possible 

The fourth division of | the Report, “Magnitude of the Assumed Wind Fore 
on ‘Tall Buildings,” is its most part. Messrs. ‘Hugh L. ‘Dryden 
L<. Mill state that they see no hope of advance of know ledge unless wind 


‘inh are inv estigated rather than wind stresses. No common agreement 7 


: been reached a as to exactly w vhat wind pressure should be assumed in designing 


a tall building. In view of the personnel of the Committee and the wide range 
of suggestions they co considered, their recommendations are entitled to w eight. 
_ However, the writer v wishes as hat, for the upper 200 ft of buildings 500 ft high, 
they had recommended more than 20 Tb per r sq. ft pressure. His preference 


on @. For the first 300 ft above the ground, a uniformly distributed force | of 


20 Ib per sqft; and, 


) 2) For det o part of a building above the 300 ft level a force of 20 Ib per 
* ft plus 2 2.5) lb per sq ft for each additional 100 ft in height. 
(3) he would omit. 


than 500 ft in : height. ;- In 1939 there were said to be 36 buildings i in New 7 ork 
‘Structural Problems,’’ by D. A. Molitor, Chapter 7. 6 
, “Final Report of the Committee of the Structural Division on Florida Hurricane,” Proceedings, 
Am. Soc.C.E., August, 1928, 0 
Paper No. 523, April 3, 1926, Bureau of Standards, Vol. XX, pp. 697-732. 


is if, ‘in the future, commercial buildings will be built more 
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‘City, and 19 in other cities, 500 ft or more 36 Three years ‘Previously 


report was 35 and 19, respectively. 


last word about wind bracing h as not been ‘said stated in the 


Report: study o of service and maintenance records of buildings of the | 


discussed would be of incalculable value in correlating theory with actual 
performance.” Alfred Cc. Bossom, after a practice of about twenty years as_— 
an architect in the United States, returned to England, entered public life 
and became a member 0 of Parliament. : In his book, , “Building to the Skies” 

(1934), he states: “The sc science of wind- bracing has hardly begun. According 
to aerodynamics there is a negative pressure on roofs, especially flat roofs, and — 


on the leeward s side of buildings. No mention of this is made in the conclusions 


- _ the yb should do with one ‘dollar what any fool could do with two. vo. One 
7 might add that the engineer must often obtain his solutions in days, where the 
mathematician- physicist may take weeks or months. In the Panchatantra one 


ae _ “Scholarship is less than sense, 


Therefore seek intelligence.” 


the “Second Report of the Steel Structures Research Committee,” asa 
‘result of field tests , “It was found that when an apparently symmetrical two- bay - 


three-story frame was loaded the stresses at certain corresponding sections 


differed by as much as 55. 5 pe per r cent. 


It is generally recognized that reasonably substantial buildin ngs stand up, — 


Ww hether computed by one method or another. 


all ‘The Sixth Progress Report of Sub-Committee No. 31 on Wind Bracing in 
_ Tier Buildings offers a method of great value to design offices, uniting a logical 
view-point, simplicity, and brevity, with ample accuracy for the purposes of 


design. It would seem that here sound scholarship 1 was joined | to good sense. 
It would seem appropriate to call this the ‘Witmer method.” 
George Unold® has given the e most brief and orderly presentation of an 


“exact”? method known to the writer. It is based on the “End Tangent | 


moments. . However, it is too long for practical purposes. The same theory is 
the of Adolf Kleinlogel’ “Rahmenformeln first published in 1914. 
A pamphlet by the late C. E. Greene, M. Am. Soe. C. z. entitled “Partially 
= Frames :—Portal Bracing,” undated, but of which a then old copy was 


os the writer about 1905, dev elops this method of ‘slopes and deflections for 


Method,” which is another name for Mohr’s elastic weights or Greene’s area 


«86 ** The W _ Almanac and Book of Facts,” The New York World- Telegram, New York, N. Ys» 

37 Loc. cit.., 1098, p. 513. 

38 Chf. Engr., The Beidge Ce. Ltd., Walkerville, Ont., Canada. 

38¢ Received by the Secretary July 26, 1939. 


“Second Report of the Steel Structures Research Committee,’ Dept. of Scientific and Industrial 
Research, Great Britain, p. 306; published in 1934, in London, by His Majesty’s Stationery Office, = 
**Die Praktische Berechnung der Stahlskelettrahmen,” by. George W. Ernst und Sohn, 
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pin-based- fixed-based portals of eight varieties. i ‘the United States: 


method appears to have been renamed Slope Deflection in 


"Assuming | a str raight- line distribution of ‘stress over the base 

I=- 


O5L 


Substituting the value of J obtained i in Equation (1) i in Equation (10): 


S| the moment of inertia is assumed uniformly i increasing from top to — 
(since wind stress varies as ~~ , whereas dead loads and live loads vary as y) 
— 


and, if Ip is the moment of inertia at the base: 


ho 


this would a constant of instead of 
In: a block the value. of I varies as two-bay bent. varies column 


lo oads vary as the floor areas they support) as 2 (3 

_ view of such possible differences it might be Paine et to use Equation (13), 


a No. 98, Ohio State Univ. Eng. Experiment Station, Columbus, Ohio, p. 23. | 


| 
= =a | | | 
ail A AGH 
Referring to Fig. 13, a simple derivation of Equation (7), of the 
follows: In a beam, if bs the Second Theorem of Area Moments 
— 
‘ 
1 A 12) es 
an 
. 
a 
— 
— 
Y., 
rial ly 


4 It would s seem possible. to devise a simple formula to cover the case in which 
the sway of a building is to be calculated from the girder | deflections alone, 
_ Assuming the building to bend in parabolic form, a tangent from the top will 
By the ground level at 2A from the base of the e column. The angle at the top, 
by the First st Theorem of of Elastic V Weights, is tal 


This w seem to accord well with the methods 0 of the Sixth Inu using 
such a short cut the average values, as used in the Report, should be the basis 


of calculations, as angles at the top tala well be somewhat out of accord with 
- the angles from the bottom to a point a few stories down from t the top. 
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DESIGN N OF AN OPEN-CHANNEL 
CONTROL SECTION 


A 


AND Ro ER RT O. THOMAS 


L. . STREETER,! Assoc. M. Aw. Soc. E. (by letter). _The theoretical 
solution for an open-channel control section, presented in this paper, will be 
value to the designing engineer. writer, however, found the derivation 
- difficult to understand, particularly as to how Equation (2) re requires the condi-- 
tion of critical flow, and why the denominator, instead of the numerator, of 
onion (5) is set equal to zero for maximum discharge. Although the 
theoretical solution g giv en by the author results in correct final equations, the | 
two foregoing points: so obscured the derivation that the writer attempted | to 
find a more simple solution. For example, combining Equatior s (1), 


09) 


As critical flow requires maximum discharge for a given available energy head, 
‘Equation (19) will be differentiated with | ‘respect. to Ay considering a, 


Setting L me equal to zero for maximum um Q, a critical flow relation ennuite; thus: 


g AS 


As dd, = = (21), the two wo unknow ns B. and Ae. To 
| determine another relationship involving the two ad 


_ Nore.—This paper by Karl R. Kennison, M. Am. Soc. C. E., was published in May, 1939, Proceedings 
: _ This discussion is printed in Proceedings in order that the views expressed may be brought before all members 
further discussion of the paper, 
4 Associate Engr., U. S. Section, International Boundary Comm., ‘El Paso, Tex. 
Received by the Secretary May 31, 1939. 
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Equation (19) with respect to Q, with | Hy a variable 


dQ gar dQ 


Eliminating dd, ind Equations (21) and 


Wi rin | 


(inv which f, and f, are known functions) ra may b be determined from: 


A 
| 
2 


for any r any value ¢ of Q . Equation ( (26) i is ; Equation (22) 1 with Subscript c c replaced © - 


In designing the control, — (19), (21), (23), and (26) are al 


From Equation (26) 2 dQ is determined for several values of Q throughout the 


“range of capacity of the structure. With these values —— , A. is found from 


Equation (23), and with A, ‘known, values 0 of —* = —arefound from Equation _ 


dA, Boo 
(21). _ Corresponding values of de are obtained from | Equation (19). 
- friction is is to be taken into § account, it may be estimated for the length of 


travel between the piezometer section and control | section, for various dis- 


(23) then becomes: 


19): 
mike 


H. Jun. Am. Soc. E. letter) 


5 Utah Copper Co., Salt Lake City, Utah. 
Received by the Secretary June 26,1939. 
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Equations (21) and (26) remain thesame, 
The author needs 
hich, due to the 


= 


| 
solving for 22. aq dA. _, 
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mathematical complicity at first encountered, leads the pioneer investigator to _ 

despair of finding a simple theoretical solution. However, by expressing the 
width B, and the depth d, of the controlling section in terms of the slope m and 
_ intercept n of the tangent to the total energy-curve e, followed, in turn, by ex- 

pressing m and n in terms of the : slope S of the rating curve and the hnown. ele- 7 
ments of the piezometer section, the author has «>, a simple and effective © 


solution to this seemingly non- solvable problem. 


‘The writer, however, is unable to follow the we from Equation (5) to — 
Equation (6). «At is obvious - from Equation (5) that Q? — f(Ac) = 0; also 


Equation (6) that Q- gm = 0. Then, by substitution, Equation (5) 
0. 


becomes s the indefinite re ~ = Equation (6) n may alias be obtained 

if = o instead of | 0. Thus, =0, = Atom) _ and 


»AZgm. This is very y perplexing and led the w riter to inv restigate 
in Equation (5) as follows: : Referring to Equation (4) 


2 


Q=+' g Ag 


In any section dA, = - Be hence 
and 
A _ The foregoing investigation is leading the writer no nearer Equation (6) 
or the final solution. Therefore, since the author's s solution n revolves a around 
; Equation (6), the writer. - presents the followi ing g derivation: From Equations (le) j 
+ de ...(34) 
because m and n are constant at the critical sec section, mn, dQ = lige + 
“From (la) and (1b): hee = and, Q? A? 
"3g" 
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F rom Equations (1a), (1b), and (1c) H, =d,+ hee = +5 | 
29 (Hp A? — A? de and, since constant, 2Q giv 
A, ed Ae — dA 4 ‘Finally, at the the critical section, 
« 


wt, a, = d. 0; and, solving for H,: 


From ‘Equation (32) 
‘Equation (Ie): 


hii the differential « | equation of of ‘Equation (39) 


ve = 


(by letter). 6a__ —Considerable | 


O. 


“credit i is due the admirable made by the author. . Thew riter is con- 
strained, however, to ‘offer a few criticisms and suggestions with : a view 


a more anengeate understanding of the hydraulic action of a control such a as has 
been ‘proposed. To that end the following equations ar are presented, ‘using only 


a 6 Junior Engr., with Donald M. Baker, Cons. Engr., Los Angeles, Cae. 
Received by the Secretary June 30, 1939. 
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, to the elements of the control section: 


> 


tion of the design that the total energy head on the moving w ater prism shall 
be the same, neglecting friction, at the piezometer section and at the control. — 
Since the flow through the control i is at critical depth, this condition definitely 
establishes the water surface at both points. It is also a condition of the: design 
: - that the canal shall carry less water than it otherwise w would, if the control 
station were omitted. This « condition alone leads to the conclusion that the 
channel could not be designed economically, because the cross-section w ould, 
‘ of  hecessity, be larger than would ordinarily be req quired to convey the in 


flow. 


| However, the principal difficulties i in the design arise in the section of ‘chan-— 


6) 
7) q 
‘The use of Equations: (42) to will computation those a 
mn, The mathematical correctness of ‘the method proposed by the : author 
: - beye ond question, but the writer entertains doubts as to the practical feasibility ; 

in the use of s such a control. _ Analysis of the flow through the control and i in the a 

channel above the control leads to the conclusion that the incorporation of such 
_ a design would seriously affect the conditions of flowin the canal. Itisa condi- : 


nel which lies above the rating station. _ The elevation of the water surface 
: at the piezometer section is not that whic ch can be maintained in the channel 
above, to the fact that the fic flows depths at this section are ) not those 


with “ ‘n” equal to 0.014, ‘Table 2 ‘(Column (3)) gives the slopes necessary to 
maintain a uniform flow i in the channel above the piezometer section. _ 


3 


TABLE2 2 —CHANNEL SLOPE TABLE 3.—F ow ‘A TRAPEZOIDA DAL 
‘NecEssary TO MAINTAIN ANNEL (TEN ve 


FLow 2 _CoMPUTATIONS 


Flow ow, Q, 
Depth, in in | cubic | Channel Depth dn, in 
eet feet per slope in feet | feet per 


| 28.30 0.00033 || 2.28 2.472 
23.21 0.00058 2.173 
200 | 18.12 0.00061 1.830 
14.04 0.00072 (141 (1.548 
1.20 9.97 0.00087 (1.13 1.238 
5.89 0.00104 || 0.78 0.860 


¥n denotes uniform flow, and p denotes flow at the piezometer section. _ 
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_ Since it is a requisite, for the proper iediioe of the control, that the 
= channel be built so that the depth for any flow, at the piezometer section, will 


be greater than the depth for uniform flow, it is inden that the » slope m must ust be 
greater than any calculated slope in Table 2 * The effect of this will be to cause 


2 _ The writer has assumed a slope of 0. 0012, with n equal to 0.014, for the 


with these constants for the flows in gine 2. . ea 


passing up stream from the piezometer s iste. * _ The maximum flo flow that can 
pass the control section, utilizes only a portion of the channel capacity after 
o uniform flow is attained. a. The channel, as s designed on this slope, would carry 
a maximum flow of 43. 5 cu ft per sec, in uniform flow with a a depth of 3 3 ft. 


The e The efficiency of of the channel, therefore, is only 73> 35 , or 65 per | cent. ‘It is the 


writer’ 's contention that the construction of of a channel that can only be utilized | 
= for a portion of its design capacity, due to the e: existence , of a bottleneck at the 


t of flow measurement, is not economical. | 


int 
ah. Inasmuch as such devices as the Parshall flume” and ‘the control 1 meter 


de veloped by Julian Hinds,® M. Am. Soc. ‘C.E,, , will accomplish. the same 


purpose with little interference, if any, with - flow of water in whyes channel 


~ The writer is of the oj opinion that the convenience of a prarwet line —_— 
_ ship between depth and discharge i is not sufficient 1 to justify | the uneconomic 


{ 
= 7‘*The Improved Venturi Flume,” by R. L. Parshall, Assoc. M. Am. Soc. C. E., Transactions, Am. Soe. 


J a backwater curve extending up sti stream from the piezometer section to the sec. = 


iB eon of illustration. . Table 3 gives the hydraulic elements as ‘computed. | 


For the larger flows there will be a considerable drop in the water surface it in | 


7 over-design ¢ of the channel section which is necessitated by. itsuse. 
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Founded 5, 1852 


DISCUSSIONS 


TENSION | 


CHARLES -GooprIcH, FREDERICK P. SHEARWOOD, 


al Cuar.es F. Goopricx,” M _ Am. Soc. (by letter). 130__ Iti is the w riter’ 


opinion that the two groups of tests on structural riveted joints, made in con- 
nection with the design and construction of the San Francisco-Oakland Bay 
‘ Bridge, a are unequaled i in their contribution to the know ledge of the behavior of 
such joints. Most of those > who s studied Professor W ilson’s paper on “Fatigue 
Tests of Riveted Joints” were considerably disturbed by the rather low fatigue 
values obtained, eanidly for the higher strength steels; but they were more 
especially disturbed l by t the low unit stresses at which slip. occurred i in the high- 
strength, or the so-called manganese, rivets. It seems to the writer that, in so 
far as static loads are concerned, the results of the present tests confirm, rather 
than disturb, one’s confidence in riveted joints. 
- As the factor of fatigue is absent from n the tests described in this paper, its. 
authors quite properly have based their conelusions on the static tests of large, 
full-size specimens. This discusser would emphasize that there is considerable 
danger in projecting laboratory results on small specimens into the design of 
pee: without a sufficient study o of other mitigating factors, ‘such as fre- 
quency of maximum loads, yielding of joints and other members and recovery 
_ between loads. Literature on projecting laboratory studies on fatigue into 
actual structures is sadly lacking. The profession needs such interpretation. 


considering four of action: : Stage I, in which static friction pre- 
vents slip, the end of this stage being at the point at w hich slip at the middle 
of the joint takes place; Stage II, in which slip occurs until the rivets come into 


- bearing; Stage III, in which rivets and plates deform elastically; and Stage IV, 


_ | Norse.—This paper by Raymond E. Davis, and Glenn B. Woodruff, Members, Am. Soc. C. E., and 
Harmer E. Davis, Assoc. M. Am. Soc. C. E., was published in May, 1939, Proceedings. This discussion 
is printed in Proceedings in asin that the views expressed may be brought bi before all members for ieaeetd 


Chf. Engr., Am. Bridge Co., Pittsburgh, Pa. 
1% Received by the Secretary July 6, 1939. de 


_ 8" Fatigue Tests of Riveted Joints,” by Wilbur M. Wilson an and Frank P. Thomas, Ens. Experiment 
Station, Bulletin No. 302, Univ. of Illinois, 1938; see also ‘‘Fatigue Tests of Riveted Joints,’ by Wilbur M. 
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in w hich yielding of the plates, rivets, or bo rth, occurs until either plate fracture 
or complete shearing of the rivets results. 
a _ Comparing joints of carbon rivets w ith those o of manganese rivets, in which 
‘the number of rivets is in proportion to their shearing values, the authors, 
‘6. } confirming Professor W ilson, find the average rivet stress at the end of f Stage | 
: much lower for manganese rivets than for carbon rivets (roughly, one- half) but, 
7. as the stages progress, the manganese rivets come into bearing and ‘ “catch u up.” 
At the beginning of Stage III they are hante-guid equal, and in Stage IV the 
7 ; manganese rivets have “ come into their own’ ’ and their value, as ‘compared to 
_ the value of carbon riv ets, is about proportional t« to the strengths of the e materials. . 
Regarding this matter of slip, it seems ev ident that. engineers can no 0 longer 
7 consider that the friction between the plates of a joint, due to tension developed 
by the rivets, is a measure of the joint value, even with ¢ carbon rivets in carbon 
plates—especially as working stresses are being continually i increased as as struc. 
steel is improved in quality and strength. 
ith respect to high- strength steels and high-s strength rivets, these tests: 
have ‘proved that friction between the plates disappears at stresses at or below 
the working stresses which are reasonable with such s steels, and slip | occurs in 


the connections of a a member probably « either before, or as soon as it receives its 


~ full- -load stresses. As. the rivets come into bearing at these low stresses, it 


n 


— 


a 


- would seem advisable to have the 1 rivets fill the holes : as s nearly as s possible, - 
The writer believes that the optimum in this respect, with due regard to fabrica- [ “y 
i tion « costs, has about been Teached. . Clearance between rivet and rivet hole [ 


cannot be reduced without ¢ causing , expensive difficulty y and « delays i in . entering. | 

Furthermore, the limit has about been reached in human strength to hande | | 

heavier, higher-pres sure, rivet guns. The writer believes that the driving 

technique now being used on large structures by r reputable contractors, under 

competent inspection, secures results that are reasonably satisfactory. Special 

" endeavor to “upset the rivets to fill the holes more completely was made in the 


case of the San Francisco-Oakland Bay Bridge, including investigation of sample 


- drivi ings, but it is doubtful if it resulted in much better filling of of holes in the | 

_ actual structure than is accomplished i in the usual best practice. a 7 

_ There is a b balance in economy that must not be ignored. If structural 

7 i continue to increase unit stresses and then begin to worry - about riv vets 

= entirely filling the holes and several other points of workmanship, they may 

well question whether economy has really been effected. The rivets in the 

joints of the tension tests on large riveted joints, presented i in this paper, were 

driven under usual shop practice. Some of the rivets were quite long and itis 
- ‘ doubtful whether they filled the holes « any better than usual; and - yet, the joints 
a all showed consistently excellent results. In fact, they were so consistently 

good as to inspire the writer with fresh confidence i in driving technique andi a 

S scaune joints generally, e especially large | butt or shingle joints, data on the 

. strength and | behavior of which have been so sadly lacking until now. These 

_ tests confirm, in large joints (as have all similar previous tests on smaller 

_ specimens), the peculiar capacity of structural steel to transmit stress efficiently 

and safely from one part: to another by 1 means of rivets in shear and bearing. 


The tests are a a distinet aia that the connections of members subject 
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to reversal of stress must be over- -riveted, especially y when using high-strength 
rivets. There are - not many members eubiest to reversal, however, in n which 
are large enough to demand high- strength rivets. Continuous s struc- 
tures are likely to have several members subject to reversal, either at the design 
Toads or at a future over- load. Such members should be connected with an 


ample number of rivets to prevent more have heretofore 


h 


has been by: some ‘that have been wast- 
ing effort trying to maintain an optimum net section at the ends of connections 


or ‘splices: by the use of considerably fewer rivets: in the er end row Se The tests — 

den “wide spacing of the 
end-re -row rivets (near | the edges of the plate) is | undesirable; 
“differential lateral contraction of the o opposing plates at each end of the joint ; 
- gubjected such rivets to lateral strain which, combined with the longitudinal 


- strain, caused premature failures of these rivets.’ an Furthermore, the authors — 
state: “The experimental results bore no consistent relation to the specification _ 
-Tequirements for determining net section,” and that “It is apparent that there — 
‘is s nothing to be gained by) using an elaborate sp oeeer™ to evaluate the effect of 
- piteh on net section for joints of this type.” _ The authors have gone so far in 

this matter as to offer the proposal that “the allowable loads « on Tiveted tension 


members be base 


Tess than 75% of the gross section.” 
_ Based on their considerations of the tests, the authors have offered several 
"recommendations s, applicable to “design, in addition to the one already men- 
_ tioned regarding net versus gross section. It seems to the writer that these tests 
= recommendations s should be given serious consideration by all structural 
engineers. ‘There i is room in this discussion for | r only a few points. 
‘The authors have tabulated their recommended working stresses for use in 
the design of riveted joints in bridges, for steels commonly specified (see Table 
21). The working stresses fo r carbon, silicon, and nickel steels are given’ 
"respectively as 16. 0, 20.( 0, and 22.5 kips per sq in. on the gross section. Assum-— 
ing that the net section is the minimum recommended by the authors (namely | 
15% of the gross), these working stresses give | unit stresses on the net section — 
> 21.3, 26.7, and 30.0 kips | per s sq in., respectiv ely. These unit stresses are 
quite high for general use in bridge design and are scarcely to be recommended > 
for railroad bridges, light highway bridges, or most heavy highway bridges; 
and they are, perhaps, applicable only to bridges in which the dead load consti- a 
tutes a large proportion of the total load—say 50 per cent. They are less, 
however, than was specified for the San Francisco-Oakland Bay Bridge. —— 
: | Thew writer questions whether the authors have not based their reeommenda- 
ie tion of gross section unit stresses for tension members and 75% ratio on their 
large tension tests only, which are made up of plates alone. | ‘ion they also 
considered the effect of this recommendation on members built of rolled sections 
a combination of rolled sections | and plates? Consider, for instance, the 


‘simple case of a single angle. 4 angle that has one hole for a rivet will 
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a ‘unit stress that is sewed on balancing t the 75% ratio is s likely to 1 iaiete material 
‘in rolled shapes and even in plates. The gross-section-unit- stress “method 
would be very easy to use, of course, but it would either call for too tight a 
ratio, gross to net, or it would make it all too | easy to waste material and do 
away with a all all ingenuity on th the part of designers and detailers directed tow ard 


‘maintaining a as large a percentage, net to. gross, as possible. — It scarcely s seems. 
— to find a ‘unit stress based on es section that will fit various condi- 


‘than the minimum or tensile strengths” of the mill 

Ratios of working stress of 1.25 and 1.40 are assigned for silicon and nickel 

steels, respectively, and 1.33 for manganese rivets, as compared with 1.00 for 

carbon steel. _ The authors’ conservatism does not seem to be borne out by the 


results of the tests: but 1 is based rather on theoretical considerations as, when 


-high- strength steels are used, some desirable property, such as ductility, heats 4 


flow, and opportunity for stress distribution, must be sacrificed. The tests 
seem to confirm, rather than upset, the established custom of basing the unit- 
stress ratios on the yield ratios. — _ Although fatigue may be a reason for a de- a 


creased ratio, such a reason must be kept separate from deductions resulting - 7 


from the tests under discussion 
‘There i is a factor (which may be called a safety factor) that engineers are i 
prone to lose sight of—namely, that. ‘the steels, as produced, 
better physical properties than the specified minima, because the mills, in order. 
to avoid rejections, ‘ ‘play: safe” and aim to stay well ell above the required 1 minima. | 
The average minima rt run, as s the authors | state, from 5% to 10% above the re- 
quired. ' This tendency to “play safe” is. greater i in the production of high- 


strength steels than the ordinary carbon steels because of the greater monetary 


It seems to the wi writer that both Professor Ww ilson’ tests® and those described 
in this paper have p proved conclusively that rivets are not twice as strong in 
double shear as in single shear, and ° that specifications should be written to to 
agree with what seems to be a well- -established fact. The authors have 
recommended a ratio of 1.8. 
The tests S appear to justify Recommendation (5), which states that the 
practice assuming. equal shear ‘per rivet, regardless of length of joint, is 


satisfactory. a very Teassuring ¢ conclusion and inspires f further ¢ confi- 


by 1 using manganese agency not ay in splices, but in — connections me" 
‘members to gussets, where considerable economy is possible due to saving of 
“material and number of rivets. = urthermore, the use of manganese rivets — 
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makes for shorter connections which are recommended the authors. There 
are genuine difficulties involved in detailing connections for high-strength steels 

without a corresponding high-strength rive t. The writer believes that there — 
is a need for high- -strength rivets, on not exactly of the s same 
chemical constituents as were used for the rivets for the San Fraacisco-Oakland i 7 
Bay Bridge and in the tests presented i in this paper. A somewhat more usable, 
perhaps softer, rivet will probably be developed for main members, such as s will 
match silicon on steel rather t than nickel, as it seems likely that nickel-steel will be. 
rarely used as compared with : silicon, which bids fair to continue in wide use. 

‘A rivet that can be used with a steel of 45 to 50 kips per sq in. would seem to 


The writer wishes to congratulate the authors on the completion of an 


important series of tests, and on their careful and scientific analysis of them, 
‘resulting in material addition to the know ledge of the behavior of structural 
riveted joints, and in data which should (and undoubtedly will) be used ieee 


by st structural engineers in the preparation of specifications. oe 


FREDERICK P. SHEARWOOD,"4 M. Am. Soc. C. (by letter). 4a—The dis- 
tribution | of the loads in the rivets s and the stresses in the material of large 


“many indeterminate factors which enter iat its res resistance, have been avoided 
a by mathematical theorists; and these joints have been designed by simple em- 
pirical rules and the designer’ 8 common sense or judgment. . The adequacy of 


- riveted joints proportioned o on the assumption that all the rivets in a joint are’ 
equally stressed is a confirmation o: of the “limit design theory” as presented by 
J. A. Van den | Broek,! 5M. Am. Soc. C. E. ‘There « can be little doubt, and this 
paper confirms it, that it is the ductility of the material which enables the 
resistance to | be safely distributed before the end rivets lose their ‘resisting value. 
4 Although ‘careful | designers have had to adopt the practice of i 
7 "the uneven distortion o of material in a riveted joint, they have realized that ithis 
is not a really satisfactory method and these 1 tests, and the able presentation yn of - 
them, are most timely | and useful contributions to. structural engineering. 
Many of the findings should be applied to modify standard specifications and 
7 practice and so utilize more efficiently the resistance of these joints. Sea 
Pe To compute, accurately, the stresses in each rivet of a joint, it would be 


pean to know the exact t clearance i in the holes, the e exact f rictional resistance - 


‘mate progressive action as a joint is loaded, is 5 very | desirable. a 7 

The action of riveted joints as described in the beginning « of the p paper r does. 
not appear to. be possible i if 1 there i is clearance i in the holes ar and, unless the fric- 
tional resistance is elastic. Considering that there is clearance and ‘that the — 


friction i is not elastic, all the ‘stress must be resisted by the first row until it 
“Cons. Engr., Dominion Bridge Co., Ltd., Que., Canada. 

Me Received by the Secretary July 12,1939. 
“Theory of f Limit Design,” by ‘Van den Br Proceedings, Am. Soc. C. E., February, 1939, 
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slips, Saiaieeite the strains in the connected plates must be alike ‘ no > movement, 
occurs between them. For instance, in Fig. 19(a), if no movement occurs the . 


strain in the two plates betw een Rivets A and. ’ must be equal, and therefore 
B Cc D and F the plates slip at A and vhen B and 


4 the load i is s just below the | total frictional resistance of a the e rivets peep as 
shown in Fig. 19(a) where Rivets ; A and F have slipped : an amount equal to 
the difference in the strains in the upper and lower plates from Ato F; ; whereas 
the slip at Rivets B and E is equal to the difference in strains from B to E. If 
the load is now increased so as to overcome the friction of all the rivets, ‘the 
plates: will | slip until the end rivets come toa bearing and shear in them resists _ 
further mov rement. This condition is shown in Fi ig. 19(b), then 
the interior rivets still have considerable clearance and so are only resisting by 

frietion. If the load i is doubled sh 19(c)), there will still remain a small 
clearance at Rivets C and D, ‘and most of the extra load is taken by the first 
_TOWS, A and F, and only a small amount by B and E. 

Figs. 19(d) and 19(e) show the relative position 1 of the plates v when the: rivets 
are stressed according to Fig. 1. In Fig. 19(d) the general slip i is made so that 
Rivets A and F are strained to the correct amount to resist 25 000 Ibi in shear, 7 
and it is seen that the « other tiv ets still have clearance and, therefore, should 

In Fig. the general slip is made so that. 
‘ions C onl D are strained ~ resist the 2 2 500 lb in shear, when it becomes 

7 evident that the other rivets are strained far above the amounts | given by this 
theory. . Ifthe clearances 1 in the holes are eliminated and the friction is elastic, — 
the loads on each rivet will agree closely \ with : this elastic theory; but in this : 

ms ease, as there is no clearance, there should not be any early sudden slip pin’ 
_by the tests. Fig. 19(f) is an illustration of the rigid plate theory "(general 
Be which shows that the distortions at the holes are e altogether at variance a 


to the assumed shears. 
_ The unit distortions, frictional resistances, and clearances used in making 
these diagrams are only approximations; but the diagrams may help to visualize 
what takes place i in these joints, and | may assist in interpreting the tests. a q 
7 The tests ‘show that considerable deformation can occur in the rivets and : 
d baile at the ends of these joints, and that it is it is enough t¢ to bring the - interior rows — 
considerable effective resistance before the strength of the outer rivets. is 
destroyed. | _ The total slip | at the end rivets, according to these tests, may 
amount to as much as in. before failure occurs. This is far more than the 
clearance in the holes can possibly be, and must be accounted for by consider- - 
able distortion from bearing s strains in the rivets and plates, shearing ¢ and bend- 


ing in the r rivets, and bending in the plates around the end rivets. | ” —_ 


7) 


primarily to initial failure around these holes rather than to the wilienle high i 
_ stress in the net area of the entire plate. This may y indicate w hy it is better to 
increase the number of rivets i in the end row, thereby reducing the strains around — 


these holes, than to decrease the stress ‘in plates by vy decreasing: the 
number of holes i in the end section. iti i, 
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5 P + 0.00225" 
P + 0.00045"-¥«-P + 0.0003" 


“Rivet wet Stress {fiction 8 


-P + 0.0003"->«P + 0.00045" + 0.0006'""—> 
SP + 0.00230 
F< (a) TOTAL STRESS RESISTED BY FRICTION (6 RIVETS @ 5.000 LB EACH) 


5 P + 0.00375" - 
P + 0.00105"'-«—P + 0.0009". + + 0. 0006"->+«-P + 0.00045" 
Area = 5 Sqin. @ 
<— P + 0.0008 + 0. In., Gross @ 12500 


100 000 + 5 Sq in. 
—P + 0.00192"—>4<— + 0.00165"— +0. Gross = 20000 Lb 
Friction | 5000 per Sq In, + 4 Sq 
Shear 31000 1 Net = 25000 
0.0093 — j-=0.0009 «0.001 


5 P +0.00943" 
oO 100000-LB STRESS.6 RIVETS =(16666 LB PER RIVET, AVG) UNIT STRESS IN 
PLATES 20000 LB PER SQ IN. GROSS, 25000 LB PER SQ IN. NET) 


700000 
_ 50000 _| 
P + 0.001275"-><—P + 0,0015"—>e- P + + 0. 


5 P +0.0075" 
5 P+ 0.00925" 


d@) ELASTIC THEORY DISTRIBUTION 


5 P-+0.01023 —- 


(e) ELASTIC THEORY DISTRIBUTION 
—5P+0.0075- 
— P + 0.001" + 0.0005 
Shear 11.700 11.7. 


— — 100000 


‘Scale of Distortions = in Rivet Hole, (inches) te 


Distortion in Plates per Pitch per 10000 =0. of Rivet and Hole per 10000 


P (itch) = 4 Ing sArea of Plate = 0003 In. ~ 
19 
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(1295 
‘0.0009 
~ 
| 
a 
TOTAL STRESS EXCEEDS FRICTION OF ALL RIVETS. (6 RIVETS=8330 LB, AVERAGE) a 
| 
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» | <P + 0.00108"—>+«— P + 0.00135""-»<--P + 
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Discussions 

were all made loading an the effect of inten. 
‘mittent loading and stress reversals have not been considered. It seems logical 
and probable that much of the slip allowed by the clearance in the holes and 
due to overcoming the frictional resistance, would be recovered on releasing or or 
‘Teversing the load, if the stresses in the plates between the rivets which have 
‘slipped and the addition of the reverse load exceeds the frictional resistance o of 
the rivets. Therefore, when reversals must be resisted, the least , of the alter- 
native stresses in a joint (with clearance i in the holes) should not greatly exceed 


the frictional value of the first row of rivets if deterioration of the joints i is to 


be avoided, 


Clearance in the holes has often been considered as a a means of relieving the 
concentration of of stress in the end rivets; but these tests and d consideration o of the 
action in them appear to show the r reverse, and unless a great proportion of the 
rivet resistance is due to friction, a better distribution is obtained without — 
_ Clearance. © Cold- driven rivets may be the best means of obtaining this result 
_ as very little ‘cooling ¢ occurs after the driving pressure is removed. | 7 ‘Experience 
with cold riveting in tank work would seem to prove that such rivets do fill _ 


— The authors’ conclusions emphasize, indirectly, the importance of accurate 
workmanship because such faults as poor matching of holes must i increase the 


amount of slip, and overstrain the vulnerable rivets. — Unstraightened material, 
etc., must decrease the contacting surfaces and so decrease the friction between — 


the plates. feature suggests that give 


some time, there has been a fairly general. feeling among designers | that the 


7 spreading of rivets to save section area was 11 more of a a competitive effort to save a 

These tests 
“appear to quite definitely that nothing i is by doing Recommen- 
dation (5) seems rather too broad as these tests and theoretical considerations 
indicate that the strain 1 in the end rivets must be increased as the length of the 7 


joint is is increased. - also conflicts wi with r reasons implied by Recommendation — 
(3). 


_ The x magnitude and inequality of the distortions i in riveted joints, | as found — 
by these tests, again emphasize that much of the designing cannot be based |} 
_ entirely on the elastic theories, and they also indicate how useful the » ductility = 
of steel can be in offsetting the in the assumptions used in designing ng and 
in safeguarding the mistakes and abuses of workmanship. _ ‘The ductile and and the 


excess elastic properties of steel must often function, but seldom are ace. 


JONATHAN. JonEs, 16 M Am. Soc. C. E. (by letter). en, engineers of the 
San Francisco-Oakland Bay y Bridge performed a a notable service when they 
appropriated the sum caine for a testing program on this large scale. V = 


; a Chf. Engr., Fabricated Steel Construction, Bethlehem Steel Co., Ny Pa. 
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| 
seldom can a fraction | of such a sum be found for structural research. One of 
the probable results of this report, however, is that it w will justify reliance in 
future (as other phases | of the _ riveted | joint are investigated) upon valor 
specimens and | less expensive programs. “That i is, in future it may be » adequate - 


8 
x reason from small to large, now that data have been presented on a project 


that covered both. 

- Tw accordance with the desires of those \ who formulated this program, con- 

_ siderable effort was made to acquire a knowledge of the details of the behavior 
of these joints prior to their failure. This behavior has been explained clearly | 
in general terms, and for these specific joints certain intermediate loads, called 7 
— “yseful limit point” and “ ‘effective r riv vet yield,” have > been defined and recorded. a 
This represents a an inquiry a as to whether such intermediate, : rather than the 

__ ultimate, loads shall be the basis for determining design loads, by analogy with | 


> customary use of tensile yield point, strength, | of 


answer appears to bei in the negative; the record d suggests that the inter- 


mediate points in question are not so sharply defined, and not so important to 
—- behavior, but that the ultimate capacity of a , joint, much more 


readily and certainly ascertainable, will suffice for designing. 2 eee 
= Examining the lap joints (Table 5) which failed in the plates, o one finds that 
the yield ratio (Column (14) divided by Column (18)) i is 0 0.61 and 0.54 for 3-in. 
| - and §. in. plain carbon plates, s, and 0.75 to 0.62 for plates i in site 
0.64 ¢ and 0.56 for the mill coupons corresponding respectively thereto. © This 
= ratio is expected to be 0.55 to 0.60 in structural steel. _ Therefore, if the en- 
_ gineer designs for a certain factor of safety against failure of plates in a joint, 
he he will | automatically | have an adequate factor against joint yield point. — 
ee _ Examining the lap joints (Table 9) which failed i in the riv ets, one finds that 
the rivet-yield ratio (Column (19) divided by Column (26)) is 0. 57 | to 0.71 for 
carbon rivets (1 in 5 being less than 0.60) and 0.56 to 0.67 for manganese rivets 
(1in 9 being less than 0.60) . Again, therefore, if the structural en engineer designs — 
with respect breaking loads he’ will be be in a usual relationship with the 
4 “effective rivet yield. ” The same comment holds true for the ratio between 
a the yield load and the ultimate load for the more complex joints of Table 17, _ 
in which silicon plates were connected by carbon rivets. - 
On the basis of this comment, designers may base : riveted joint design upon 
the breaking strengths determined in tests past » present, and future, with no 


-fear of insufficient protection against some intermediate stage of yield. There 


— 


is an important exception—the effect of pulsating or alternating loads upor 
- joints which : may slip readily; but this is a subject for direct testing in fatigue, 
rather than for reasoning from phenomena observed in static testing. 

a It is gratifying that these tests should have led to the authors’ fifth conclu- 
sion that “the practice of assuming et equal shear per per riv vet, , regardless « of length « of 
joint, is desroapennese ” Their record shows that this may be said of all of the 

— Itis not so certain that it should be taken to mean that 
7 - the le Same unit shear mae be assumed for all of the rivets in a very long. joint as 
for all of those i in a very short one. Rivet strength in 7-ft joints was 10% 


Tess than in 2- ft Joints (heading “ ‘Conclusions from the Tests: Effect of favs 
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a is not : a great difference, so long as sities! values are 
‘not based on the results of the long joints. Rather than do that, , the writer 
_ would urge that they be based on short joints and slightly reduced for larger 
_ ones, , since there are ‘possibly thousands of 2-ft joints designed and fabricated 


_ Before any value can be assigned toa rivet, there must be knowledge of the 
relation betw een the ultimate shearing strength of a driven rivet, and the 
tensile strength of the” bar from which it was manufactured. Neither 
report nor the pilot test report’ deals satisfactorily with this important ratio, — 
because it would require that an individual heat be followed through from : 
tension testing of the bar to shear testing of a joint, instead of using averages; 


and it would require starting with an annealed bar for the tensile test because 
“the cooling conditions make ‘ ‘“‘as-rolled” bars from the same heat so variable 


in tension test. 


a This has been done and reported elsewhere; and the writer, in consequence 
‘thereof, approves the authors’ proposed 15 kips per sq in. shear for carbon 
rivets (if tied to 52 kips per sq in. specified minimum tensile strength) and 


their 20 kips ] per sq in. shear for low. -alloy rivets (if tied to 68 kips | per sq in. 
specified minimum tensile strength, annealed). = ‘These should be safe values 


for static loads, as in| 2 balidines tnd for bridge design if tied i in to live loading — 


somewhat in excess of that now operating. 


‘Similar shearing | tests (not published) have been made on eleven different . 
- compositions of low- -alloy rivet steel, ranging from 64 to 83 kips per ‘sq in. in 


annealed t tensile > strength. ‘It was found that the ratio. “shearing strength of 


rivet to strength « of bar” “was as as low as 0.90 and as 


high as 1.065. The tests this ratio should be determined for each 
_ particular rivet steel proposed for use; with - that infor mation at hand, and 
i the data of the authors’ experiments, the breaking strength of any strue- 
= al joint in w vhich the rivets are the weaker element will be predicted easily. 


The same is not true of the behavior al the plate material i in joints that are 


0 


tend decidedly to That assumption is that the safe at any 
right section is : saaipertienal to the net area existing on that section. Accord- 
ingly, economy of main | material has been ‘Tealized | by so detailing as as to ‘Start 
_ with a reasonable minimum | number of rivet holes across any general ‘section 
] through the body of the member (tack 1 rivets, attachments of diaphragms, ete. ) 
4 and, on entering a splice or connection, to omit more re and more holes as st Tess is 
wend through rivets into the splice « or connection n plate, until in the heart of 
the splice or connection as many holes are e omitted from from a section as the pre-— 


scribed minimum spacing of rivets will allow. 


In a typical chord of a bridge built in 1939, for instance, the computed net 


section at the entry into a connection is 85% of the gross, and in the heart of the 


8" Fatigue Tests of Riveted Joints, e by Wilbur M. Wilson, M. Am. Soc. C. E., and Frank P. Thomas, 
Eng. Experiment Station, Bulletin No. 302, Univ. of Illinois, 1938; see also * ‘Fatigue Tests of Riveted — 
joints,” by Wilbur M. Wilson, Civil Engineering, Vol. 8, August, 1938, pp. 513-516. 


17 Report on Silico-Manganese Rivet A195-36T to Subcommittee II of Committee A-1, American Society 
Materials, by | the § Section on High-’ Tensile 1 Rivet ‘Steel, , 1938. 
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connection it is found to be 73%, the difference being accounted for by stress 

‘unloaded into the connection plates. The evidence of the authors’ tests is 
that the section of 85% net area is s actually: no stronger than that of B% net 

_ area, the reason being found in stress paths. and strain effects. _ 7 
pe It is natural to ) inquire at o1 once as to Ww hat extent existing bridges ar are deficient 
in capacity, as s compared with the. designers’ ‘intention, on the evidence of these 
7 : experiments. To | that end the writer has had computed the factors of safety 
of all of the splices tested i in those experiments, dividing their ‘ “adjusted” ‘yield 
loads and “ adjusted” breaking loads by the working loads which would be 
permitted upon them | under the present bridge design ‘specifications of the 
American Railway Engineering Association (A. R. E. A. ). By “ ‘adjusted”’ 
load is meant the actual experimental load, reduced in the ratio of the minimum 
yield point, or ultimate strength, of steel permitted under A. R. E. A. - Specifica- 
tions, to the corresponding ¢ coupon 7 value on the material used in these experi- 


ments. The resulting are ‘presumed t to represent 


might be assumed from any average af material as . 

‘These “adjusted” factors of safety are shown in Tables 23, 24 » and 25, 
corresponding respectively to Tables: 5, 9, and 17 . Each line in these tables 
represents the average of two identical test ‘specimens. _ The values i in Column 
(5), Table 23, are obtained from Table 1 by multiplying ‘Column (4), Table 1, 
u Column (14), Table * ‘The adjusted yield load (Column (6), Table 23) 


als —— ] a 
equals , to reduce t to the v alue of the weakest missible 


material. The adjusted ultimate load (Column (9), ‘Table 2 23) equals 
Column (8) X 60 t he weakest p issibl t ‘al. 
‘Column to reduce the value of the akest permissible 1 material. 


‘TABLE 23.— —Tesrs on Lap JoINntTs THAT IN THE Praves; 


Srupy BASED ON 


Coupon SPECIMEN SPECIMEN A.R.E.A. Sarety Factor» 
Allow-| yield Yrevp Loap, ultimate ULTIMATE | 


area, able point, IN Kips strength, Loan, IN 
inches*) kips* square | By Ad- square Ad- | Column (6) | Column (9) 


inch test justed ch test. justed Column (3) 
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* Column (2), net area by Specifications of American Railway Engineering Association, 1938, 
409; Column (3), the same, multiplied by 18 000 lb per sq in. Ses le 


tN 
t 0 rivets. 
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le ee. 
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nt 
in 
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ch 
re 
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WwW 
 Speci- 
CCCO | 7.77 | 139.8 
CCC2-2 | 6.08 | 109.5 
| CCC2-3 | 6.54 | 117.7 
CCC2-4 | 6.76 | 121.5 
of CCC2-5 | 6.92 | 1243 — 
oa CCC2-6 | 6.92 | 124.3 
CCC5 | 5.90 | 106.2 
DCCO | 13.14 | 237.0 
DCC2-3 | 11.00 | 198.0 
DEC2-4 | 11.76 | 212.0 
et DCC2-4 | 11.76 | 212.0 .—l 
| 11:64 | 210.0 — 
he POC2-6 11.59 | 209.0 
= 5 | 9.29 | 168.0 
| 
iety 
Be 


‘Values for load in Column | (6), Table 24, are equal to Column 
(5) X 13.5 for carbon rivets and Column (5) Xx 18 for - manganese rivets. The 
in Columns 24, from 4, are not very 
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— 

4 = earbon; = siliggn Ni = nickel; and M = Manganese) 

5 ACTOR | 

-accig | _ 549 787 | 3.75 

ACC54 =| C 1 640 | 1 160 2 120 3.36 

ascig S | 587) 401 705 3.69 

ASC36 1178} 831 1 525 | 1 388 365 

S| 1 680 | 1 188 2 166 | 1970 3.43 

ACM12 | C |. 557| 430 715| 650 3.82 

ACM24 «| C 1070| 828 1 460 | 1 326 3.90 

 ACM36 C 1 595 | 1 232 2.017 | 1 830 3.59 

ASM12, | 565| 436 620 

—ASM24! | S 1195} 924 1 470 | 1 340 | 

ASM36! | 1610 | 1 242 2 054 | 1 870 

ANM12 606| 468 704| 640 | 

| Ni 1280| 990 1 464 | 1 335 | 

| Ni | 1 860 | 1 440 2 140 | 1940 

BCC-20a | C 685| 485 886 

BCC-20b | C | 485 1013| 922 3 

BCC-20e | C C | 22 | 17.28) 233 | 39.6 | 650| 460 988} 900 3 

ccc7 =| C | 6.28] 85 | 39.6] 280] 198 358 | 326 

‘DCC? | C | 14 {11.00} 149 | 39.6] 294 623] 566) 1.97 | 

4 

= 

gpeci- | Plate 

plate 

-FSCA | 12.42 | 22.8 | 298 | 308.5 |m91.5 58 | 949 | 830] 850] 2.78 | 2.75 

j=  FSCB| 24.84 | 45.6 | 596 | 617 58 | 1850 | 1610 | 1660 2.70 

FSCD | 24.83 | 45.6 617 90.4 58 | 1799 | 1595 | 1610 | 268 | 261 

«36.99 | 68.4 | 888 | 925 91.8 | 58 | 2660 | 2320 | 2390] 261 | 2.50 

| 36.54 | 68.4 | 877 | 925 |ffo25 | 58 | 2688 | 2325 | 2410] 2.65 

FSCF | 37.00 69.6 942 |—f903 | 58 | 2652 | 2360 | 2380] 266 | 2.52 

(2) (4) ond ( erican Railway Engineering Association, 1938. 


because they are are more than one hea hese values” 
_ were obtained from 95 “as- rolled”’ rods" for carbon rivets and from annealed 
_-tods fo for manganese rivets. The adjusted yield load (Column (9), T¢ Table ble 24) 


(8) X 28 Column 
equals ———,, carbon rivets; and for mariganese 
Ss a ‘rivets; 28 kips per sq in. is the specified m minimum yield point under specifications 

“of American Society for Testing Materials (A. S. T. M.) A141-36 and 38 kips — 
| z sq in. (annealed) is the specified minimum yield point under A. S. T. M.. 


Specification A195-39T. The adjusted ultimate load (Column (12), Table 24) 7 


jg Column (11) X 52 (11) X 5 for carbon rivets and CwmA (11) X 68 (it) X& for iii 
nese rivets; 52 kips per sq in. is the specified minimum uitlenste strength under 
A.S. T. M. - Specification Al141-36 and ¢ 68 kips per sq in. (annealed) is the speci- 


a. fied n minimum ultimate. strength under ALS. T. M. Specification A195-39T. 


equal 


Column (6) 


~ 


Column (8) 4 “60 Column (8) X 

Column (6) Column (7)? 

kips and 52 being gh minimum ultimate ‘strengths for plates and rivet 


f for rivets (Ce (Column equals 


| s specification. The factor of safety : at 
the yield was not because the joint yield point w was 
relate to the plate and the rivets, respectiv 
For lap | specimens failing in plates (Tables 5 and 23), the a" factor for 
adjusted yield load varies from 1. .69 to 2 0 2.1 17 and that for adjusted ultimate 
bem from 2.85 to 3.51 . For lap s specimens failing i in the rivets | (Tables 9 and 
24), this safety factor for adjusted yield load varies from - 1.92 to 2.92 and that 
for adjusted ultimate va varies from 3.36 to 3.95. | For butt and shingle joint 
specimens (Tables 17 and 25), this safety factor for adjusted ultimate varies 
from 2. 61 to 2. to 2.79. As. against these may be set the minimum factors of safety — 


: 

intended by the specification writers, 1.83 for yield load , and 60 _ 33 

One interesting circumstance is that, as regards “adjusted yield load »? the 


lap specimens ccco and DCCO, both of them plain material without any 
holes or rivets, are more deficient in factor of safety than a any of the - riveted 
a specimens. This i is not true as regards ultimate strength. ‘Deficiency i in joint 


yield point, , therefore, i is not to be taken too 00 seriously as a criticism of rivet 

The The ratio = 92. 3 per per cent. Therefore, existing against yield 

in carbon on steel ‘apparently never below t the i intention by 


- 


= = 85. 5% and and 55 = = 78.37%; a and 


2. 
8%, and seldom below at all; but = 333 - 


den existing samngian's against ultimate, in carbcn steel design, are occa- 
‘sionally as much as 15% below the intention, and in silicon steel they are 
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per sq in. and silicon steel members for =~ = = 30.6 sata per sq in., 
7 — ereiee would meet with general approval in a “specification for a new 


7 7 ‘The au authors wish to place tension-member duane on a basis more in accord 
with their test results, and at the same time they apparently desire > not to add 

*) 7 too greatly to the current costs of bridgework. Accordingly they recommend: 

io (1) That tension members be designed for gross section; (2) that 25% be taken’ 

sg out of the critical sections and no more be permitted to be taken out at other 
sections; and (3) that the allowable unit stress on gross - section of carbon steel 


_ bridge members be 16 kips per sq in 
‘The v writer believes that the first recommendation involves too many Ly diffi 
culties to be acceptable. For instance, ‘many tension members are being built 
- - to- day w ith top a and bottom cover plates, pierced with oblong holes, say, 12 in. 
: wide, to permit access. These cover plates are reduced in net width by nearly ; 
q 50 per cent. Other irregularities are encountered i in detailing. _ Designers will 
have to treat such. cases on the basis of the picture that exists, and the writer 
feels that a net-section basis, however modified, will necessar ily | be retained. 
_ Since additions on the order of 10% to 15% to the gross § section of riveted 
- tension ‘members are not acceptable « economically, designers w will begin a search — 
_ for expedients whereby no ) such ac additions need be made if the findings of of these 
tests are accepted. The authors realize this, and they have offered such an 


_ expedient, namely (see Recommendation (3)), that a gross unit stress of 16 000 


. Ib per sq in. » which i is equivalent to 21 333 Ib per sq in. on a 75% net section, 
- be substituted for the 18 000 Ib p per : sq. in. of net section found in current 


‘specifications, 


a 7 As one argument. for such increase, the authors | cite the excess of coupon 
strength they have found over the specified minimum, ‘amounting to 10% at 
yield point and 5% at ultimate. To the writer tl this excess seems not available 

for design purposes. It i is true e that he has seen few | yield-point | reports that 
did id not exceed the specified mi minimum, but he has seen many reports 0 of ultimate 

- tensile stress that were a few hundred pounds un under ¢ ora few hundred i. 
: over. To depend, definitely, « on all steel being, by some percentage, stronger 
7 than t the specification requires is illusory. — 7 Designers should continue to a assume 
that steel of the minimum permitted strength ae he built into any ‘critical 


pr Another argument for i increasing allow able ui unit stress in a joint is ; found by 


the authors in the fact that the ratio, o, Breaking load per square inch is greater 


= 6 and 105. cg for and DCC5 


7 6 **An Investigation of the Behavior and of the Ultimate Strength of Riveted Joints Under Load, _ =f 
‘E. L. Gayhart, Transactions, Soc. of Naval Architects and Marine Engrs., Vol. 34, 1926, p.55. 
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plate failure through the net section of full-row chain riveting may 
ee - be expected to show a strength in excess (possibly 10 percent) of the 
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causes a loss of ities in the net section failure as compared with full-row © 


riveting, and may even show w less than theoretical strength.” 


Further confirmation i is found i in wide- -plate tests by Wilson n, Mather, and 
| Harris i in which it ¢ appears that riveted lap joints with rivet spacing t the same 
Ps : all rows showed unit strengths on net section exceeding the coupon strength : 

6. 5% for two rows and | by for four row Other Joints wi with certain: 

2 rivets omitted from the outer while their total ‘capacity thereby 

q increased, , showe ed less ss unit strength on net section than the coupons. _ 

_ _However, it will be noted that these reported i increases of 3.6% to 10% over 

‘ae strength, in specimens with all holes out, do not check with the authors’ 
proposed ir increase e from 1 18 000 to 21 333, or 18.5 , in working stress. 1 ie 


increase over unit strength was by the : authors 


Harris on n specimens with and uniformly gage » 
very straight and uniform flow of stress. _ Practically, s such a condition cannet 
exist in built-up members, where flange angles, for instance, prevent this per- 
fectly uniform spacing of lines. Before. the results of Specimens CCC5 
and DCC5 can b be taken as a bs basis for design, , they should be checked by similar 
‘specimens, except that the spacing s of the gage lines should have variations up 7 
to at least an inch; and by still other specimens in which most of the 25% area 
deducted ‘should be collected ir in one hand hole. 
— Furthermore, the even s spacing of gage lines is not the only factor in favor 
7 of Specimens CCC5 and nd DCCS i in these tests. | Comparing their designs | (see 


‘Fig. 3), the distance from ¢ center of splice, where both plates are carrying the 


same unit stress, to the extreme Tivet row where the stress in ‘one plate is 
doubled « and i in the other reduced to zero, is seen to be 2 in. for Specimen CCC5 
f and 6 in. for S Specimen CCC2-2. It is 6 in. for Specimen DCC5 and 9 in. for 
Specimen DCC2-3. Is it possible that the effect 0 of differential plate s stretch, 
elsewhere cited by the ‘authors as a reason for failure in the end row, was here a 
little favorable to Specimens CCC5 | and DCC5? It would seem that further 
tests are indicated, ‘gradually increasing the pitch between the two rows of 


Specimen CCC5 and thus increasing this differential stretch. 7 
ua Furthermore, some tests should be run in double shear. A —_ which 7 


- should thus be eliminated i is | s the influence of bending on on lap specimens. Be W a 


and the longer joints of the CCC2 series. 
Therefore, the entire question of specification 1 revision should await a more 
‘complete range of tests, s simulating a number of practical arrangements 0 of parts” 
(plate with two flange pain etc.) in w hich it is impossible to achieve a an ideal 
- path. It would seem that lighter and smaller specimens’ ow ould serve 
purpose. 


a Uv ntil further information i is thus Po it w vould be premature to o adopt | 


the 
— more probable, although only implied, basis for the authors’ recom- 


._. %**Tests of Joints in Wide Plates,’ by Wilbur M. Wilson, M. Am. Soc. C. E., James Mather, and 
Charles O. Harris, Eng. meeenamns Station, Bulletin No. 239, Univ. of Ilinois, 1931, Table 9, p. 44. —- 
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JONES ON TESTS OF RIVETED JOINTS - 


have been shown (as outlined in the first part of this eg eae to be all a 
exist in at least some parts of some existing bridges (and can at any time exist, 

under current specifications) ; ‘and these bridges appear to be Satisfactory. It 
seems doubtful that. this will be a general attitude. It is possible that, in 
course of time, designers might adopt, and detailers would welcome, the prin- 

ciple of taking all holes out of all rows in splices and connections. _ It seems less 
likely that. they | will pass quickly from from 18 to 21 kips per sq in. as a permissible 


tt may be of interest to cite a test made at Lehigh University, in 1939, by_ 


Bruce G. Johnston, Assoc. M. . Am. Soe. C. E. bar 17. 5 in. wide was reine 
~ forced v with a pair r of p pin plates attached by fillet and plug v welding. ‘ In} front of 


the pin, the pin plates: tapered toward the center of the bar. 


The welds at the forward end of the pin plates, where the differential elonga- 
tion appeared in the authors’ tests to be so severe on rivets, showed no distress, 
These fillets were equal to, but not in excess of, the requirements of the Ameri- 
can Welding Society Specifications for ‘Welding of Bridges. After failure 
_ (through bolt holes in the he body of the bar), the w rhitewash ash had not scaled away 

fromthese welds, 
There is an interesting lead here toward an expedient for joint design to 
‘meet the situation revealed by th the authors’ _tests—namely, before entering a | 
riveted joint | or splice, to weld on a ‘reinforcing. plate -of such dimensions that 
full gross section can be used in the design, and full-row riveting can be used 
throughout the joint. - This expedient must be regarded with caution because 
(a) its effect upon strength in fatigue remains to be proved by test, and (b) 
“fabricators are not prepared to do a on ‘main members in r in Tiveted con- 
struction except at relatively high cost. Nevertheless, for long ‘members and 


for fairly steady stresses, this expedient appears to the writer more rs than a a 


¢ 
f 
I 


important to structural designers end demand new thinking with respect to 
tension-member design. __ They point, however, toward many additional tests 


to be made before general changes in ‘specifications are undertaken. — es 
Corrections for Transactions: In Table 1, the column headed ‘Figure 
number,” change “3” to read “2,”” ’ to read 2, 3 and to read 
and “14” to o read “uy, on page 815, , Line 8, change “Table 5” to “Table 9”; 
on ‘page age 815, Line 41, the parenthesis “(see Column (15), Table 9)”, should ol : 
ee Tables 5 and 9); on page § 828, ‘Line 51 from the bottom, “Table 5” should 
_ read “Table 9”; in Table 14 insert new second column headed “Pitch, in inches” 
with values of 3, 4.5, and 6 on on page 8 857, ‘Line 10 
the bottom, ‘ “THlinois” should read ‘ “California” ; in the sub- -caption to Fig. 18(4 a) 
‘delete “2 Plates 76 Rivets)”; in . Fig. 12, a corrected figure in Transactions 
will show heavy lines denoted by the legend; and, in Figs. 11(b), 11(c), 14(a , 
and 14(b), the upper curves in each case should be translated red 


_ left to line up strain abscissas with the corresponding rivets of the joint beneath. 
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Discussion 
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Messrs. ALFRED J. COOPER, JR., AND ADOLPH MEYER 


man’s paper is an interesting treatise on the “subject, and it is with some 
reluctance that an attempt is made to add to, or detract from, the » value of 
his conclusions. . However, the impression is given that some of his statements 

are ba based ‘either upon conditions which are peculiar to the Great Lakes s region 
where the experiments were ‘conducted, or} ‘upon insufficient data of relative 
humidity. The purpose of this discussion is to show that, in the Tennessee 


(b) ; - River basin, there i isa marked variation of of relative humidity with evaporation 


UFRED J. Coorns, Jun. AM. Soc. ae letter) -Mr. r. H ick- 


(or vice versa), a as well as the variation of evaporation with wind velocity. a. 


ind The Hydraulic Data Division of the Tennessee Valley Authority has 
na collected ‘daily evaporation | data at four stations in the Tennessee River basin 
~_ from the fall of 1934 to the present date, 1939. _ These stations contain | equip- 7 
are ‘ment i in accordance with U. S. Weather Bureau Class i! ” evaporation station 


rom ‘specifications. A brief deseri tion of the two ‘stations from which th the data | 
sts | used i in the discussion were obtained follows: 


_ | Norris, Tenn. —The station is situated at an elevation of 1000 ft above _ 
, mean sea level, approximately 20 miles, air- line, northwest of Knoxville, Tenn. a 
It is about 4000 ft south of the Norris Dam and Reservoir but only 500 ft e 


oo south of the Clinch River. 5 Observations were started on October 23, 1934, 4 
additional instruments, other” than standard equipment, were installed a 
ald subsequently . These ad additions are: A \ weighing evaporation pan, two sets of : , 
maximum and minimum water thermometers (one se set for each pan), a a Tecording | 

ae hygrothermograph, a water- -temperature rec recorder (in the standard pan), a 

(a) ‘Tecording anemometer, and a barograph. 

ons ‘“- Murphy, N. C.—The station is approximately 70 miles eas 

(a), Tenn., in the town of Meuhe, N.C., at an elevation of 1 575 ft above mean 

the i Norz.—This Symposium was published in April, 1939, Proceedings. Discussion on this paper ies : 


i in as follows: June, 1939, by A. A. Young, Assoc. M. Am. Soc. C. E. 
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ing instru. : 
‘ments were added: A recording hy rrothermogteh, maximum and — 


Prior to 1988, the 


bt the the range of air was arbitrarily 
as 40° to 46° F, and that of the water temperature as 44 to (50 degrees. A 
wide variation in relative humidity over this range was found, and a total of 
@ points was used. _ Data « of days on which rain and snow occurred were not 
used, in order to eliminate any possible errors due to differences of rainfall 
eateh between the evaporation pan and the rain gage. 


Int the Tennessee Valley experiments, wind velocities are are measured by an 
- anemometer beside the pan, with the cups about 1 ft above the water surface, 
in accordance with U. S. Weather Bureau recommendations. As a result, 


3 these velocities are smaller than those at the same instant several feet above 


the e ground. In the particular data used, the maximum average lasted ‘ground 
velocity of the wind was 5.01 miles per | 


‘The integrated averages of the daily a air and relative humidities 


determined from the hygrothermograph charts. A At the Norris s 

the integrated daily averages: of. the water- temperature recorder ¢ charts were 
4 ‘used, but it was necessary to utilize the daily average of the maximum a and - 
minimum: water thermometers at the Murphy station. It is believed that no 
_ correlation of evaporation and ‘relative humidity is possible w hen only i 

- daily observation is made of relative humidity unless the relative- humidity 
curve for the « entire day has little or no variation. Pos For any other condition : 
it is necessary to obtain a a true daily : average by frequent psychrometer or | 
= -bulb and dry-bulb thermometer readings over 24- -hr periods or from a | 
relative- humidity recorder. yay 
Mr. Hickman states (see heading, ‘‘Factors Affecting Evaporation”): “The 
evaporation, obtained a as a result of the the experiments, cannot b be related directly. ; 
to relative humidity or barometric 5 pressure as measured at standard W eather 
Bureau Stations,’ > and “No evidence could be found | that: the amount of | 
evaporation varied. with ‘the relative humidity as read at the station 

or as determined at neighboring Weather ‘Bureau Stations. latter 

- statement may be true if it is interpreted exactly ; as it is written because the 


average daily relative humidity is obtained only by many readings throughout ; 
the 24 hr—not by one or two Teadings. _ In the Ten nnessee- River basin it is _ 


not uncommon for relative humidities to vary from a minimum of 25% toa 
maximum of 99% or 100% within 24 hr. E. - With such a variation an observation 
_ of relative humidity taken at any time of the day could not represent a al 


A plot was 1 made of f daily evaporation versus average daily r relative humidity, 


the data 1 selected. ‘Fig. 8(a) shows the points as as the most likely 


1306 ON HYDROLOGY OF THE GREAT LAKES Discussion; 
Saat sea level. It is about 700 ft north of the Hiwassee River, and at the extreme — 

upper end of the pool to be formed behind the Hiwassee Dam. Observations 
— re at Beetree Dam, N. C., and Savannah, Tenn, 4 
aa _ latter station was situated at Pickwick Landing 
stations ord with rond of 
ae 
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@ Murphy Evaporation Station Data 
© Norris Evaporation Station Data 


» 
Inches 


in 


} 


Evaporation, 


630,74 


Daily 


Total 


1.7478 
0.50 
91.99 
0.408 
0.50 


WIND 


bias Daily Average Relative Humidity, in Percentage Daily Average Wind Velocity, in Miles per Hour _ 
VARIATION OF EVAPORATION WITH RELATIVE Humipity AND WIND | 
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4 


straight line to the trend. The average wind in ‘miles per 
hour, is noted beside each point. . For large rates of evaporation there are 


correspondingly large wind velocities; but for small ll rates there is a hetero- 


4 - geneous mixture of large and small velocities, in n many of which the large 


velocities approach or exceed those in the higher evaporation ‘ ‘region’ ” of the 
: diagram. YS It is apparent fr from Fig. 8(a) that evaporation does depend definitely ; 
upon relative humidity. | = The trend toward decrease in evaporation _with 
increase in humidity is clearly shown by the slope of the trend line . It is not 
intended that this line be construed as representing the equation of evaporation, 
but rather that it be considered as showing merely the distinct trend of wel 


; plotted points. Wi ere there no connection between evaporation and relative 
_ humidity, s such a scattering of the “points s would be anticipated that the eye 
could not envision any trend. For: a given evaporation the maximum variation 
in humidity from the line is 20%, and the average variation of all the points 
from the line is only 5 per ¢ cent. It must be remembered that the other ' factors 
influencing e evaporation are concurrently ac active in these field observations and 


affect the foregoing relationship. 
Another plot was made of daily evaporation versus wind velocity for the 
‘same observations used in Fig. 8(a), and the corresponding relative humidity _ : 
was noted beside each. ‘The result is the ‘“shot- “gun” pattern of Fig. 
which, nevertheless, shows certain interesting features. The main conclusion 
_ to be drawn from this figure is the dependence of evaporation upon» wind 
velocity. - However, the effect of relative humidity i is apparent even in this 
diagram. For evaporation on exceeding 0.100 in., , 95% of the points plotted | 
show relative humidities less than 70%, and 78% of the relative humidities 
are lower than 65 per cent. For evaporation less than 0.100 in. , 82% of the : 
points show relative” humidities above 70%, only 3% show relative q 
humidities less than 65 per cent. A ‘curve was not fitted to these points, but f 
a trend is indicated toward an increase in evaporation | with increased wind . | 
velocity. _ A substantiation of the conclusion drawn from Fig. 8(a), that there al q 


4 


is a trend an increase in witha i in relative humidity, 


in n Fig. 8(a) i is not as as great as in n Fig. 8(b). 


‘Hickman refers often to the the relative > humidity 7 


pore of the y year in which the data were pera at the four stations. Data 7 
: observed i in the Tennessee River basin show that there is nothing to o indicate — 
that relative humidity remains near a practically constant average for any 
particular ‘month, do, for example, air or water temperatures. Table 
~_ the monthly average relative humidity from 1935 through 1938 for the ! 

Murphy and Norris stations, respectively, for the period used in this discussion, 
and the data substantiate this fact, 
a. For the p points: used in Fi ig. 8, the daily aver average relative humidity varied 
from 39% as a minimum to 93% as a maximum. In this area it cannot be — 
‘said that there is an ‘ ‘average condition” of relative humidity for a period 
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T 


Jan- | Feb- Oc- Jan- | Feb- 
uary | ruary ial April robe wary | reary March] April 


(b) Norris Evaporation Station P 


65 | 61 62 76 72 | 71 | 81 
| 68. | 61 78 | 74 90 | 80 
| 72 | 71 | 73 | ..* 71 


80 77 | 77 76 64 | 71 


| No- 


even as as since decided \ variations exist. Table 3. indicates | 
changes from year to year in monthly average relative humidity that it 
difficult to consider an average value to be used with measurements of evapo- 
‘Tation in a n a study of field conditions. One wonders whether relative humidity 
i is not one ne quantity of the atmosphere of which the seasonal trend from year 
to year is erratic and unpredictable, in so far as estimating closely what can be 
expected for a certain month or season. variation is dependent largely 
s upon the frequency of rainfall, wind d conditions, and air temperatures. These . 
| factors then influence the rate of evaporation through the relative humidity | 
~—e No} definite relationship \ was fo found from the barograph charts ¢ of the Norris 


_ station wh which would show a correlation between evaporation and barometric a a 
pressure. However, daily pressure variations at this station are small—rarely 
more than 0.5 in. of mercury, which is less than 2% of the mean barometer : 
reading. Results of the evaporation experiments at Fort Collins, Colo.," 
indicate an approximate increase of 2% in evaporation for each inch of decrease 
in barometric pressure. - Since the maximum variation in pressure at the Norris” : 
station is only 0.5 in., the maximum variation that could be attributed to. 
barometric pressure change is about 1 per r cent. ; This variation would be so 


small that it could not be detected in an observation involving such small 


ea In conclusion it may be stated that the evidence presented indicates that — 
_ evaporation is influenced by both relative humidity and wind velocity, but 
with the greater effect being due to relativ e humidity. 7 It is believed that 
Mr. Hickman is correct in suggesting that current opinion as to the effect of 
wind on evaporation i is in need of revision—but this revision should be toward. 
7 giving less weight to its effect and more to that of relative humidity. 
A Am. Soc. C. letter). subject 
matter | of ‘this Symposium i is of recognized importance. There i is great need 


for observations of evaporation from cold water during the summer and — 
from warm water during the winter. ‘ The following discussion relates to the - 


%6**Evaporation from Free Water Surfaces,” by Carl Rohwer, Assoc. M. Am. Soc. C. E. |, Tednted 
Bulletin No. 271, U. 8. Department of Agriculture, December, 1931, 
17 Cons. Engr. (Meyer Governor Co.), Minneapolis, 

Received by the Secretary June 2, 1939. 
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MEYER OF THE GREAT LAKES Discussions 


Duluth evaporation and to evaporation from Lake Superior, without 
reference to conditions on the remainder of the Great Lakes. 
In his paper, Mr. Hickman states (see Synopsis”) that “an effort was — 
made to keep the temperature of the water in the pans ; approximately the same 
as the temperature of the water in the > open lz lakes”; and (see “Description of 
‘Equipment: Design of Pan’’) that “Due to mechanical ‘difficulties, the control 
was far from perfect; but the results were entirely satisfactory when analyzed 
; by the method which was U used and which does not Tequire | that the ‘pan water 
be at the same temperature as as the lake water. ” Itm may be quite true that the 
_ pan water need not be at the same temperature a as the lake water at any giv en 
time, but the range of evaporation observations should certainly cover the — 
general range of conditions prevailing on Lake Superior. 
An examination of the records filed in the Engineering Societies L ibrary* 
_Tevesls the fact that, at the Duluth | station, only about 75 days’ records are. 
a available which are reasonably applicable to fall and winter evaporation from | 
Lake ‘Superior, including the months of September to F ebruary, inclusive, 
The arrangement for heating the evaporation pan during the winter apparently 4 


functioned satisfactorily. In general, the results secured indicate high w inter is 
evaporation of approximately the same magnitude determined by the late 
John R. Freeman,’ Past- President and Hon. M. Am. Soc. C. E., , through the 
use of the formula (Equation (5)), utilizing the wind 


factor§ 


a The s situation respecting summer evaporation from Lake ‘Superior is ite 
another matter. No records whatsoever are on file which even reasonably 
simulate the conditions prevailing on Lake Superior from March to August. 
At this time, ‘the Lake Superior water is cold and the air is a. 
In Table 4 the lake temperature { given ‘Fig. is compared with the 
actual recorded temperature of the water in the he evaporation pan. 


ABLE 4. —ComPAaRIsoN OF LAKE TEMPER ATURES 


iin 
Difference, 


Mean WATER 
Month > in degrees Month: 


tion Pan © _ tion Pan 


June 42 629 | 204 


September 51 


servations 0 of pan evaporation, with water temperatures 20° 
3 higher i in the pan than in the op open lake, can seareely be accepted as asa panels 
of summer evaporation from Lake Superior. This phase of the subject is of 
utmost the main difference between the conclusions of 


‘a 10 A copy of the thesis [‘‘Evaporation con the Great Lakes’’], containing all observational a, 
_ has been filed for reference in the Engineering Societies Library, 33 W. 39th Street, New York, N. , an 


Regulation of the Great cae J. R. Freeman, 1926 Edition, p. 135. 
Elements of Hydrology,” by A. F. Meyer, p . 238. 


— 
{ flo 
on 
— 
— an 
@ 
r 
Pe 

of 
f 
0 
ver 

ds 
th 
4 
— 
u 
| 
ee 

2, 
— 


N HYDROLO OF THE GREAT LAKES 


ME YER ON 


4 
ences In summer ev aporation, and the assumption of summer undergrou nd 
flow and evaporation being somewhere near equal. ~ This also has a bearing 
on the conclusion that land losses are only 5 in. or 6 in. a year, as against the 
| normally assumed losses of from 14 in. to 22 in., depending upon ‘precipitation 


In the paragraph preceding Equation. (4), states, 


to determine whether diserepancies, due to location or methods, existed in 
4 the data, charts for each | station were made. No irregularities i in the slope or 
sition of the contour lines were evident.” wea 
The writer plotted on a large- scale chart, corresponding to an enlargement 
4 of 


Fig. (a), all the available daily records of eva poration. for Duluth when the 
wind velocity was between 2 2.5 and 7 7.5 tiles per hr at the pan. level; and there 
either no precipitation or or less than. 0.02 in. he 2 average wind d velocity 

for the plotted points was f found to be substantially 4 miles per | re ee: : 
‘The he writer then drew on this chart the « ev aporation lines § shown on Mr. 
‘Hickman’s Ss master chart, Fig. 4(a). It appears that about one-third of the 
daily evaporation observations : at the Duluth | station plot outside of the limits 
of Mr. Hickman’s master chart. No data whatsoever are available for the 
Duluth station to form t the basis for either the zero or the 1- “in. line shown in 
‘Fig. 4(a). Only : a few points are available for the 2-in.. line. 
yt coe was made of the 4-in.-per-month evaporation line along which 


sg greater number of. f the daily evaporation points fell. All of the points 


lying in a belt extending | from. half-way between the 4-in. and 5 -in.-per- month 
evaporation lines were assumed to control the 4-in. line. The average of these 
points was found to be 0 0.123 in., or 3. 7 in. of of evaporation per month. _ The 
points ; ranged from 0.04 in. on March 31 (representing 1.2 in. monthly evapora- 
_ tion, with a southw est. wind of 3.0 miles per | hr and 92% relative humidity at 
the U. 8. Weather Bureau Station) to | 0.28 in. on May 17 (representing 8.4 in. 
“monthly evaporation, with a northwest wind of 7 miles hr and | 497% 


The second | most erratie po points ranged from 0.05 in. on | March 15 (repre- 
senting 1.5 in. 1. monthly evaporation, with a northwest wind of 3.6 miles per hr 
and 72% relative humidity at the Weather Bureau Station) to 0.22 in. on March ~ 


: (representing 6.6 in. monthly evaporation, with a southeast wind of 3. 0 miles 


—_  #i 


“per hr and 53% relative humidity at the Weather Bureau Station). 4 ‘Another 
typical | low reading was 0.09 in. on April 14 with a northeast wind at 3.9 miles 
per hr and 95% relative humidity at the W eather Bureau ‘Station. Surely 
- these records indicate the effect of large differences in relative humidity i in 50° 
far as they reflect changes in vapor pressure in the air, 
‘The points: controlling | the upper a and the lower portions of the 4-in. line 
‘were considered. separately. The average of those points ‘controlling the 
_ ‘Upper half of the curve represented 5.0 in. of evaporation per month, ranging 
from 2.4 to 8.4 in. per month. — The average of the points controlling the low er 
_ half of the 4-in. line represented only 3.2 in . per month, varying from 1.2 in. to. 
in. per month. The lower r half represented conditions prevailing during 


he part of the when the relative humidity was s high. 
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_ MEYER ON HYDROLOGY OF THE 


A trial line marked “4 in. per month (Meyer),” shown in Fig. 9, was ae 
‘drawn from the lower end of Mr. Hickman’s 5-in. -per-month line to the upper * 


end of his 2-in.- -per- r-month line. The new line intersected Mr. Hickman’ 8 4-1 


chart. The average of th 
points lying within a belt of 
the same width as that pre- 
used on the author's 
Ain, line gave an a average of 
- 0.138, or 4.1 in. of monthly 
This i is a better 
average than the author's 3.7 
in. for the 4-in. line. Further- 
points” controlling 
upper” half of the writer's 

line averaged 4.5in. per month, 

those controlling the lower 
half of the | line averaged 3. 91 in. 
Asecond trial 4-in. line was 
- drawn, starting at the same 
point at the bottom of the 
chart, but ending at the 1- -in. 
line instead of the > -in. line. 


oy of the points con- 4 


uo 


o 


> 


| 


Velocity, 5 Miles 
per Hour; Relative Humidity, 
Average for for the “wil 


‘monthly 


controlling the lower 
Water Temperature, in Degrees Fahrenheit = part represented an average of 


Fe. 9.—MontTHLY Evaronatson Cuart in. of monthly evaporation. 


Evidently, if the 4-in. line 
_ started at Mr. Hickman’s 5-in. line at the bottom of the chart and ended at his _ 
1.5-in. line at the top of the chart, it would probably come nearest to conforming . 
to the data for the Lake. Superior observation station. _ The fact remains, how- 
“ever, that the daily readings are so erratic as to constitute an unsatisfactory 


basis { for any conclusion. 


In connection with Mr. Hickman’s statement that no relation was found 
between relative humidity and evaporation, e following facts should be 
Observations at the Duluth evaporation pan were made only in 
morning at about 9 :00 « ‘clock. The data on file do not cover relative humidity 
and vapor- -pressure gradients above Lake Superior. 
(2) The relative humidity. observations at the evaporation station are at 
variance with the observations of the U. Ss. Weather Bureau situated on the 
hill in Duluth. 7 At first glance, this variation, n, illustrated | by Table 6, appears 
‘contrary to what would be expected. 
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TABLE 5.—Mpan RELATIVE 


Evaporation Station; 


a February 
i March 


‘Although a a mean monthly of 63% at 9:00 A.M. at 
the evaporation station would Id appear t to conflict with a reading of | 737% made 
at the Weather Bureau Station at noon, when the r relative humidity i is normally 

lower, the facts are that the January mean temperature at the evapor 
station is 6.4°, whereas, at the Weather Bureau Station, it is only 3.3 jou. 7 
When the actual vapor pressure in the air is computed from the relative 
 S humidity | and the temperature for January, it appears: that the readings at 
the evaporation station and at the Wee ather Bureau Station give ve nearly rorsaged 


remaining the In the writer's judgment, and 
ne ‘Telative humidity, considered together, as they a are in the ‘Meyer evaporation 
formula (Equation (5)), are a much better indication of actual vapor 


pressure in the « air which controls evaporation than temperature alone. 4 
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- RECONSTRUCTION OF THE WALPOLE- BELLOWS 
FALLS ARCH BRIDGE 


Discussion 
By J .B. FRENCH, Am. CE. 


x 


— M. M. Am. Sen. (by letter). work described in 
| this paper shows boldness and resourcefulness in and much skill and 
. . _ constant alertness i in the supervision of its execution. It does not appear that | 
traffic, either vehicular or pedestrian, had to be at any stage 
a the _and therefore the of life was confined to the Ww workmen = 

of ‘the lives of the workmen and serious damage. W hile the work Ww 
in progress, it undoubtedly appeared spectacular to those who stopped to ¢ give 7 7 
it intelligent a attention, but after it was 2s finished the spectacular quality neces- — : ] f 
sarily disappeared and left no monumental features to attract attention. In} 


act, the best evidence that the work has been completed 


struction” had ever taken 


for purely erection purposes constitute a most Sceotill part of "engineering © 
- construction; detailed descriptions of such work, such as are given in this 
"paper, ar are alwa ays valuable contributions to the publications « of the Society. - 
: It seems to the writer, however, that the value of the paper would be 
enhanced if a more detailed statement of the actual cost of the various : parts” 
of the work, as executed, could be included. | In the > “Synopsis, ” the authors 
state that “the ‘successful bid” « on the for r repairs” submitted by the 
“consulting engineers who designed | the structure” | was $120 000; and ‘under 
- the heading ‘ ‘Conclusion’ ” several general statements are made as to ae but 


_ — Ro clear statement is made of the cost in detail of doing the work as described. " 


- Nore.— —This paper by Messrs. ‘H. =. Langley and Edward cz ‘Ducey was published in April, 1939, 
Sui. This discussion is printed = Proceedings in order that 1 the views expressed may be brought | 
7 before all members for further discussion of the paper. ee 


Cons. Engr., New York, N.Y. 
4a Received by the Secretary June 6, 1939. 
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